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Abstract 
 
The development and application of Enhanced Oil Recovery (EOR) processes has a pivotal role to play in ensuring that the 
ever-growing worldwide demand for oil is met in the future. EOR processes often involve the simultaneous flow of three 
phases. On the fine-scale, three-phase flow properties are described using pore-scale modelling or through extrapolation of two 
sets of the corresponding two-phase properties using empirical correlations.  For input into a reservoir simulator, effective 
properties reflecting the fine-scale heterogeneities must be calculated through application of scale-up processes. Many scale-up 
procedures have been published in the literature. However, there is limited documentation regarding the scale-up of EOR 
processes. 
 
This paper investigates upscaling three-phase flow processes by focusing on scale-up errors associated with immiscible 
water alternating gas (iWAG) injection. Several issues associated with existing scale-up error evaluation methodologies are 
isolated, and an alternative approach which addresses these issues is proposed. This approach is used in conjunction with more 
conventional error evaluation techniques, in order to provide a comprehensive methodology for evaluating errors, which is 
then used to investigate scale-up errors in multiphase systems. Conditions under which scale-up errors in three-phase systems 
are larger than scale-up errors in two-phase systems are isolated, and then integrated into the design of several models 
representing realistic recovery processes. A second study, using these models, is then performed to evaluate the effectiveness 
of several categories of scale-up procedures when applied to iWAG injection. Scale-up categories considered include single-
phase upscaling, near-well upscaling, coarse grid-generation and multi-phase upscaling techniques. Combinations of several 
scale-up techniques are applied in order to determine the most appropriate methodology for iWAG injection.   
 
The balance between viscous, capillary and gravity forces is found to be of critical importance in the design of scale-up 
procedures. In three-phase flow, this balance is determined by a complex combination of forces which dominate the 
corresponding two-phase, oil-water and oil-gas systems. As a result, several methods which provide accurate, reliable results 
for the scale-up of two-phase processes are found to result in significant scale-up errors for three-phase flow. Nevertheless 
results from this paper suggest that application of pore-volume weighted pseudo relative permeabilities, to adjust the fine-scale 
relative permeabilities and capillary pressures, result in accurate scale-up of iWAG injection in the cases tested.  
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Abstract 
The development and application of Enhanced Oil Recovery (EOR) processes has a pivotal role to play in ensuring that the 
ever-growing worldwide demand for oil is met in the future. EOR processes often involve the simultaneous flow of three 
phases. On the fine-scale, three-phase flow properties are described using pore-scale modelling or through extrapolation of two 
sets of the corresponding two-phase properties using empirical correlations.  For input into a reservoir simulator, effective 
properties reflecting the fine-scale heterogeneities must be calculated through application of scale-up processes. Many scale-
up procedures have been published in the literature. However, there is limited documentation regarding the scale-up of EOR 
processes. 
 
This paper investigates upscaling three-phase flow processes by focusing on scale-up errors associated with immiscible 
water alternating gas (iWAG) injection. Several issues associated with existing scale-up error evaluation methodologies are 
isolated, and an alternative approach which addresses these issues is proposed. This approach is used in conjunction with more 
conventional error evaluation techniques, in order to provide a comprehensive methodology for evaluating errors, which is 
then used to investigate scale-up errors in multiphase systems. Conditions under which scale-up errors in three-phase systems 
are larger than scale-up errors in two-phase systems are isolated, and then integrated into the design of several models 
representing realistic recovery processes. A second study, using these models, is then performed to evaluate the effectiveness 
of several categories of scale-up procedures when applied to iWAG injection. Scale-up categories considered include single-
phase upscaling, near-well upscaling, coarse grid-generation and multi-phase upscaling techniques. Combinations of several 
scale-up techniques are applied in order to determine the most appropriate methodology for iWAG injection.   
 
The balance between viscous, capillary and gravity forces is found to be of critical importance in the design of scale-up 
procedures. In three-phase flow, this balance is determined by a complex combination of forces which dominate the 
corresponding two-phase, oil-water and oil-gas systems. As a result, several methods which provide accurate, reliable results 
for the scale-up of two-phase processes are found to result in significant scale-up errors for three-phase flow. Nevertheless 
results from this paper suggest that application of pore-volume weighted pseudo relative permeabilities, to adjust the fine-scale 
relative permeabilities and capillary pressures, result in accurate scale-up of iWAG injection in the cases tested.  
Introduction  
Interest in enhanced oil recovery (EOR) processes to maximise oil recovery in mature fields has surged in popularity in recent 
years. Given that EOR processes are commonly preceded by water-flooding and that EOR fluids tend not to naturally reside in 
the reservoir, complex multi-phase flow is associated with EOR processes. To determine which EOR process to use, along 
with where and how much to inject into the reservoir, computer simulations of fluid flow are used. Prior to simulating fluid 
flow, finely gridded geological models are built to describe the fine-scale geological variation. Such models, commonly 
referred to as fine-grid models, typically contain between 10
7
 – 109 grid cells [Vakhil-Ghanani et al. (2010)]. However direct 
use of geological models to simulate fluid flow is often too computationally expensive. Instead, a scale-up process is typically 
applied to convert the fine-grid model into a simulation model, which exhibits more reasonable run times. Such models, 
commonly referred to as coarse-grid models, typically contain between 10
5
 – 106 gridblocks [Vakhil-Ghanani et al. (2010)]. 
Importantly, recent developments in parallel computing have reduced simulation run times from a few days to a few hours for 
multi-million grid cell models. Nevertheless, hundreds of simulations of different geological realizations are often required to 
manage the uncertainty associated with the geological model. The computational cost associated with this approach, even with 
the development of parallel computing, prohibits the direct use of fine-grid models for this purpose [Wang (2011)]. 
Consequently, application of scale-up processes remains a critical aspect of reservoir engineering, despite the recent increase 
in computational efficiency achieved through parallel computing. 
   
A wide variety of scale-up methodologies are reported in the literature, especially in the context of two-phase flow. There 
is however limited discussion concerning the application of scale-up processes to cases with three-phase flow. Three-phase 
flow often occurs in EOR processes, for example in water-alternating-gas (WAG) injection, thermal oil recovery and in 
surfactant injection. By focusing on the scale-up of immiscible water alternating gas (iWAG) injection, a process whereby 
water and gas are injected alternatively into the reservoir, this paper addresses the scale-up of three-phase flow.  
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The scale-up process. The two most significant components of the scale-up process are upgridding and upscaling techniques. 
Upgridding is the application of gridding algorithms to coarsen in all directions to construct coarse-grids. For more 
information regarding the various upgridding techniques available, the reader is referred to Qomi et al. (2011). On the other 
hand, upscaling refers to the calculation of effective coarse-grid properties using fine-grid properties. Upscaling procedures are 
categorized as either single-phase or multi-phase procedures. To illustrate the concept behind single-phase upscaling, consider 
a three-dimensional porous medium with single-phase incompressible flow. Combining Darcy’s law with a mass conservation 
equation on the fine and coarse scale respectively yields Eq. [1] for the fine-grid and Eq. [2] for the coarse-grid. 
 
?̅?𝑓 = ∇. (
1
𝜇𝑓
𝑘𝑓 . (∇𝑝𝑓 − 𝜌𝑓𝑔𝑓∆𝐷𝑓)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [1] 
?̅?𝑐 = ∇. (
1
𝜇𝑐
𝑘𝑐 . (∇𝑝𝑐 − 𝜌𝑐𝑔𝑐∆𝐷𝑐)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [2] 
where the superscripts 𝑓 and 𝑐 denote fine and coarse, 𝑝 is the pressure, 𝑘 is absolute permeability, 𝜇 is the viscosity, 𝜌 is the 
density, 𝑔 is the gravity constant, ∆𝐷 is  the vertical height difference and ?̅? is a source/sink term i.e. the well flow rate.  
 
The single-phase upscaling problem is to compute 𝑘𝑐  in such a way that the solution to Eq. [2] is similar to that of Eq. [1] 
i.e. single-phase upscaling addresses the issue of upscaling absolute permeability. Discussions provided in Durlofsky (2005), 
establish the existence of a wide variety of approaches, including more recent methods, to accurately upscale absolute 
permeability. In addition to permeability other parameters must also be upscaled, for example porosity, which is upscaled 
using an arithmetic average weighted by NTG. 
  
To illustrate the concept behind multi-phase upscaling, consider a three-dimensional porous medium with immiscible three 
phase compressible flow with dead oil and dry gas. The governing equations for such a system including gravity, capillary, 
fluid and rock compressibility effects, is given by Eq. [3] – Eq. [6].  
𝑞 =
𝜕
𝜕𝑡
[
𝜙𝑆𝑖
𝐵𝑖
] + ∇. [
𝜆𝑖
𝐵𝑖
. (∇𝑝𝑖 − 𝑔𝜌𝑖Δ𝑧)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [3] 
∑𝑆𝑖
𝑖
= 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [4] 
𝑝𝑐𝑜𝑤 = 𝑝𝑜 − 𝑝𝑤 , 𝑝𝑐𝑔𝑜 = 𝑝𝑔 − 𝑝𝑜 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [5] 
𝜆𝑖 =
𝑘𝑘𝑟𝑖
𝜇𝑖
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [6] 
where, 𝑖 = 𝑜, 𝑤 and 𝑔 denote oil, water and gas respectively. 𝑆𝑖 is saturation, 𝐵𝑖 is formation factor, 𝜆𝑖 is mobility, 𝑘𝑟𝑖 is 
relative permeability, 𝜇𝑖  is viscosity and 𝜙 is porosity.  
 
The additional complexity associated with multi-phase upscaling compared to single-phase upscaling, is the need to 
determine the fine-scale saturation distribution in order to upscale capillary pressure and relative permeability. To perform this 
task in a fast, robust and accurate manner has proven to be an extremely difficult task. Despite decades of research, multi-
phase upscaling is often avoided in modern times resulting in inaccurate coarse-grid predictions for multiphase flow systems 
[Moreno et al. (2011)]. 
 
Homogenization and Discretization Errors. To solve Eq. [1] for single-phase upscaling, or to solve the system partial 
differential equations represented by Eq. [3] – Eq. [6] for multi-phase upscaling, the simulator replaces the partial derivatives 
with finite difference approximations derived from Taylor series expansions. This requires discretization of the spatial 
variables into gridblocks of size (∆𝑥, ∆𝑦, ∆𝑧) and discretization of the temporal variable into timesteps ∆𝑡. Coarse gridblocks 
are larger than corresponding fine gridblocks hence coarse-grid simulations result in larger errors in the finite Taylor series 
expansions, which replace the spatial and time derivatives in Eq. [1] or Eq. [3] –Eq. [6], compared to fine-grid simulations. In 
addition to these errors, commonly referred to as discretization errors, coarse-grid simulations also suffer from 
homogenization errors. Homogenization error refers to the error introduced as a consequence of the loss of heterogeneity due 
to the smoothing of the fine-scale property distribution on the coarse-scale. Homogenization error is influenced by coarse-
gridblock size, upscaling method along with the fine-grid property distribution itself [Qomi et al. (2011)]. 
   
Objectives and outline. The first objective in this work is to investigate scale-up errors in three-phase flow by focusing on 
iWAG injection. The second objective is to investigate how effective accurate two-phase scale-up techniques are when applied 
to three-phase flow. The paper is organized as follows. Firstly a comprehensive literature review on multi-phase upscaling is 
provided. An alternative approach to evaluating errors, which enables individual evaluation of discretization and 
homogenization error, is outlined. This approach is used in conjunction with conventional approaches, to investigate and 
compare scale-up errors in two and three-phase systems, to address the first objective.  The same methodology is then applied 
to investigate how effective the application of single phase upscaling techniques, near-well upscaling techniques, upgridding 
techniques and multi-phase upscaling techniques are when applied to iWAG cases.  A discussion on methods not applied in 
this paper is then provided. 
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Literature review  
Multiphase Upcaling. The first documented multi-phase upscaling approach is the application of static pseudorelative 
permeability functions (pseudos). Static pseudos ignore the influence of dynamic properties, such as time-dependence on 
pressure. Coats et al. (1967) introduced the first static pseudos for application in reservoirs under vertical equilibrium i.e. 
where the different phases are segregated vertically. Such a displacement occurs under gravity or capillary-gravity dominated 
flow. Dynamic pseudos were developed for cases where viscous forces are no longer negligible. In such cases, the coarse-grid 
saturation distribution can no longer be approximated using weighted averages. Instead the production history, specifically 
well production rates and well positions, influence the coarse-scale saturation distribution. To solve this issue, fine-grid 
simulations are typically used to determine the coarse-scale saturation distribution. Importantly, dynamic pseudo methods 
account for differences between the gridblock lengths in the fine and coarse-grid, therefore accounting for discretization error. 
 
Dynamic pseudos can be categorized as individual phase flow rate based pseudos or mobility based pseudos [Cao and Aziz 
(1999)].  The underlying principle behind individual phase flow rate based pseudos is to match the fine-grid flow rate with the 
corresponding coarse-grid flow rate for each phase. Jack et al. (1973) introduced the first flow rate based approach to upscale 
relative permeability, but not capillary pressure, using a transmissibility weighted average. Kyte and Berry (1974) introduced a 
method to upscale individual phase pressure using an effective permeability thickness weighted average as shown in Eq. [7]. 
Darcy’s law is then applied on the coarse-scale to upscale relative permeability as shown in Eq. [8]. Capillary pressure is then 
computed from the difference between the individual phase pressures as shown in Eq. [9].  
 
𝑝𝑖
𝑐 =
∑ [𝑘𝑟𝑝
𝑓𝑘𝑓ℎ(𝑝𝑖
𝑓 − 𝜌𝑖
𝑓𝑔𝑓∆𝑧𝑓)]
(𝑖,𝑗,𝑘)(𝑖,𝑗,𝑘)
∑ [𝑘𝑟𝑝
𝑓𝑘𝑓ℎ]
(𝑖,𝑗,𝑘)(𝑖,𝑗,𝑘)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [7] 
𝑘𝑟𝑖
𝑐 =
−𝜇𝑖
𝑐 (∑ 𝑞𝑓(𝑖,𝑗,𝑘)(𝑖,𝑗,𝑘) )
𝑇𝑐(∆𝑝𝑖
𝑐 − 𝜌𝑖𝑐𝑔𝑐∆𝑧𝑐)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [8] 
𝑝𝑐𝑜𝑤
𝑐 = 𝑝𝑜
𝑐 − 𝑝𝑤
𝑐 , 𝑝𝑐𝑔𝑜
𝑐 = 𝑝𝑔
𝑐 − 𝑝𝑜
𝑐  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [9] 
Cao and Aziz (1999) concluded that the pore volume weighted method [Intera Information Technologies (1994)], which 
uses a pore volume weighted average in place of an effective permeability thickness weighted average in Eq. [7], produces 
capillary pressure curves of a more monotonic nature compared to the Kyte and Berry method. Darman et al. (1999) 
introduced the Transmissibility weighted method, not to be confused with Jack’s pseudos, which uses a transmissibility 
weighting weighted average in place of an effective permeability thickness weighted average in Eq. [7]. The Transmissibility 
weighted method was designed for application to systems with strong gravitation forces. To demonstrate this, Darman et al. 
(1999) performed several simulations to show that other methods available in the literature produce significantly larger errors 
when applied to such systems. Barker and Thibeau (1996) describe how individual flow rate based pseudo functions can result 
in non-monotonic curves with negative and infinite values. To avoid instability, conventional simulators require monotonic 
relative permeabilities between 0 and 1 as an input into the simulator. Barker and Thibeau (1996) argue that application of 
such monotonicity constraints results in a loss of information within the pseudos.  
 
Alternatively, mobility based methods generate pseudos which attempt to match the coarse and fine-scale pressure. Stone 
(1991) introduced the first mobility based pseudo to match the fractional flow of each phase along the coarse and fine-grid 
boundary. However, Stone (1991) neglects capillary pressure and gravity forces in his calculations, thus imposing severe 
limitations on the applicability of Stone’s pseudos. To incorporate gravity effects, Barker and Fayers (1994) adopted a similar 
approach to Stone (1991) and developed the total mobility method. Barker and Thibeau (1996) argue the total mobility method 
is more robust than individual phase flow rate pseudos, in the sense that it avoids infinite values and that negative values are 
less frequent, however it compromises on accuracy compared to individual phase flow rate pseudos. Barker and Thibeau 
(1996) observe that dynamic pseudos are dependent on both flow rate and well position. The high process dependency of 
pseudos coupled with the high computational demand required to run the fine-grid simulation to generate dynamic pseudos, is 
the reason why application of pseudos has become less popular in recent times [Moreno et al. (2011)]. 
 
More recent approaches to multi-phase upscaling include steady state methods which assume that the pressure at every 
point in the reservoir does not vary with time. Two such methods exist; the capillary equilibrium limit (CL) method and the 
viscosity limit (VL) method. The VL and CL methods were introduced into the literature by Smith (1991) who argues that at 
very low flow rates i.e. when capillary forces dominate, capillary equilibrium can be assumed over scales of 30cm or less. 
Simulations performed by Jonoud and Jackson (2008) confirm that such restrictions in the CL method indicate that the method 
can rarely be applied in practice. On the other hand, Jonoud and Jackson (2008) obtain accurate coarse-grid simulations for 
field studies by applying the VL method to viscous dominated two-phase flow. The VL method assumes that that the fractional 
flow entering and leaving each gridblock remains constant.  
 
Durlofsky (1997) introduced an alternative approach to multi-phase upscaling, called volume averaged equations. In this 
approach, coarse-scale relative permeabilities are dependent on the variance of saturation, variance of pressure and velocity-
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saturation covariance in addition to the saturation. However, although this method produces less process dependent coarse-
scale relative permeabilities compared to pseudo functions, the current development of the method does not include gravity or 
capillary effects. Furthermore there has been no documented extension to three-phase flow. 
  
Recently, multi-scale methods have entered the literature offering an alternative to upscaling. These methods model 
physical phenomena on the coarse-grid whilst simultaneously incorporating fine-grid information directly via mathematical 
functions. Multi-scale methods are currently not available using conventional simulators hence are not considered in this 
study. For more information regarding multi-scale methods, the reader is directed to Aarnes et al. (2007). 
Methodology  
To fulfil the objectives outlined in the introduction to this paper, two studies are performed. The first study investigates scale-
up errors in iWAG injection and how these errors relate to scale-up errors in two-phase systems. The second study investigates 
the effectiveness of upgridding and multi-phase upscaling techniques when applied to iWAG injection. Prior to presenting the 
results, a new error evaluation methodology is introduced in this section along with techniques used to analyse the results in 
this paper. Scale-up techniques used in this work are also documented at the end of this section. 
 
Capillary and Gravity numbers. Capillary and gravity dimensionless numbers are a useful technique to establish an 
understanding of the underlying balance of forces. Capillary numbers represent the balance between capillary and viscous 
forces whilst gravity numbers represent the balance between gravity and viscous forces. Following Guzman et al. (1994), Eq. 
[10] and Eq. [11] are the gas and water capillary numbers which are respectively denoted  𝐶𝑤 and 𝐶𝑔 whilst Eq. [12] and Eq. 
[13] are the gas and water gravity numbers respectively denoted 𝑁𝑤 and 𝑁𝑔. 
  
𝐶𝑤 =
𝐿𝑘𝑧𝑃
∗
𝑐𝑔
𝐻2𝑣𝑡𝜇𝑜
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [10] 
𝐶𝑔 =
𝐿𝑘𝑧𝑃
∗
𝑐𝑤
𝐻2𝑣𝑡𝜇𝑜
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [11] 
𝑁𝑤 =
𝐿𝑘𝑧(𝜌𝑜 − 𝜌𝑔)
𝐻𝑣𝑡𝜇𝑜
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [12] 
𝑁𝑔 =
𝐿𝑘𝑧(𝜌𝑤 − 𝜌𝑜)
𝐻𝑣𝑡𝜇𝑜
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [13] 
where  𝐿 is the reservoir length, 𝐻 is the reservoir thickness, 𝑣𝑡 = 𝑞𝑡/(𝑊𝐻) is the flow velocity, 𝑊 is the reservoir width and, 
𝑃∗𝑐𝑔 = ∫
𝑃𝑐𝑜𝑔(𝑆𝑔)
1 − 𝑆𝑜𝑟𝑔 − 𝑆𝑤𝑐 − 𝑆𝑔𝑐
1−𝑆𝑜𝑟𝑔−𝑆𝑤𝑐
𝑆𝑔𝑐
𝑑𝑆𝑔. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [14] 
𝑃∗𝑐𝑤 = ∫
𝑃𝑐𝑜𝑤(𝑆𝑤)
1 − 𝑆𝑜𝑟𝑤 − 𝑆𝑤𝑐
1−𝑆𝑜𝑟𝑤
𝑆𝑤𝑐
𝑑𝑆𝑤 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [15] 
where 𝑆𝑜𝑟𝑔 is the residual oil saturation in the presence of gas, 𝑆𝑜𝑟𝑤 is the residual oil saturation in the presence of water, 𝑆𝑤𝑐  
is the connate water saturation and 𝑆𝑔𝑐 is the connate gas saturation. 
 
Error evaluation methodology. There are two major issues which current error evaluation methodologies fail to address.   
 
1. Sablok and Aziz (2008) show that despite large discretization and homogenization errors, total scale-up errors can be 
relatively small. This occurs when the effects of discretization errors opposes the effects of homogenization errors. In such a 
case, accurate coarse-grid results would be obtained for the given development strategy and realization, however large errors 
may occur if a different development strategy is used or if the same methodology is used to scale-up a different realization. 
Therefore, it would be desirable to evaluate homogenization and discretization errors separately.  
  
2. Traditional error analysis compares dynamic results between the fine and coarse grid, for example oil production rate. 
This analysis provides insight into whether or not key features dominating flow in the fine-grid have been captured on the 
coarse-grid, for a given development strategy. No insight on whether or not large errors may accumulate if a different 
development strategy is used is provided through this approach. Such insight is desirable given that the alternative is to run the 
fine-grid simulation for the new development strategy and compare dynamic results. Such insight can be achieved through 
comparisons of local grid properties between the coarse and fine-grid e.g. oil saturation [Qomi et al. (2011)]. Typically, if such 
a comparison is performed, histograms are used. However, histograms produce global comparisons which fail to account for 
the spatial distribution of the local grid properties themselves. A method which directly compares the spatial distribution of the 
local grid properties would be desirable. In addition local error measures evaluate whether or not the fine-scale saturation 
distribution and fluid front displacement have been captured on the coarse-scale. This is essential if the coarse-grid model is to 
be used for future reservoir development, for example infill drilling and EOR processes. 
 
Evaluation of discretization and homogenization error, respectively denoted 𝛿 and 𝜀, is performed using comparisons of 
spatial distribution of local grid properties. Application of this new method, developed using ideas first proposed by Sablok 
and Aziz (2008), provides insight into the process dependency of the scale-up methodology applied. In addition, the method 
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also provides 3D dynamic views of discretization and homogenization errors. Such insight can help in the design of scale-up 
processes. To evaluate discretization and homogenization error separately three kinds of cases, shown in Fig. 1, are required.   
 
 Fine case: Fine absolute permeability and fine relative 
permeability populated in the fine grid. 
 Upscaled case: Upscaled absolute permeability and 
upscaled relative permeability populated in the coarse grid 
 Refined case: Upscaled absolute permeability and 
upscaled relative permeability populated in the fine grid. 
 Fig. 1: 2D views of (1) fine, (2) coarse  and (3) refined case 
 
After simulations of these cases are performed, Eq. [16]-[17] are respectively used to measure discretization error 𝛿(𝑖,𝑗,𝑘) 
and homogenization error 𝜀(𝑖,𝑗,𝑘) per fine gridblock (𝑖, 𝑗, 𝑘). 
 
𝛿(𝑖,𝑗,𝑘) =
𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
|𝑆𝑜
𝑐
(𝑖,𝑗,𝑘)
− 𝑆𝑜
𝑟
(𝑖,𝑗,𝑘)
|
∑ ∑ ∑ 𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [16] 
𝜀(𝑖,𝑗,𝑘) =
𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
|𝑆𝑜
𝑓
(𝑖,𝑗,𝑘)
− 𝑆𝑜
𝑟
(𝑖,𝑗,𝑘)
|
∑ ∑ ∑ 𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [17] 
where the subscript 𝑟 denotes the refined grid, 𝑉𝑝 is the pore volume and 𝑆𝑜 is the oil saturation.  
 
To directly compare cases, Eq. [18] and [19], were derived to provide one representative value over the entire grid for 
discretization error 𝜹𝑻 and homogenization error 𝜺𝑻 respectively. Eq. [18] – [19] are to be evaluated at appropriate time 
intervals, subsequently the obtained representative values 𝜹𝑻 and 𝜺𝑻 are to be plotted against time to construct ε and δ curves. 
A workflow of the method is given in Appendix B. 
 
𝛿𝑇 = ∑ ∑∑ 𝛿(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [18] 
𝜀𝑇 = ∑ ∑∑ 𝜀(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [19] 
 
Eq. [16] and Eq. [17] show that 𝛿(𝑖,𝑗,𝑘) and 𝜀(𝑖,𝑗,𝑘) are evaluated on the fine-grid. Hence the methodology outlined above is 
restricted to scale-up processes which do not account for differences in the gridblock lengths between the coarse and fine grid 
i.e. methods which account for discretization error e.g. dynamic pseudos. For such cases, comparisons of local grid properties 
remains desirable and is performed using Eq. [20] which measures total scale up error 𝛾(𝑖.𝑗,𝑘) per fine gridblock (𝑖, 𝑗, 𝑘). γ 
curves are obtained using an analogous equation to Eq. [18] or Eq. [19]. 
 
𝛾(𝑖,𝑗,𝑘) =
𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
|𝑆𝑜
𝑓
(𝑖,𝑗,𝑘)
− 𝑆𝑜
𝑐
(𝑖,𝑗,𝑘)
|
∑ ∑ ∑ 𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [20] 
 
The methodology presented above is to be applied in conjunction with traditional dynamic results error analysis. An 
attempt has been made in this study to improve the effectiveness of dynamic results comparisons through calculation of root 
mean squared error (RMSE). RMSE is applied in history matching as a quantitative indicator of the mismatch between 
simulated production data and observed data. In this paper, RMSE is calculated to quantify the mismatch between the coarse 
and fine-grid simulation results. Following a similar approach to Peters et al. (2009), RMSE for water production rate, oil 
production rate and field pressure are respectively calculated using Eq. [21], Eq. [22] and Eq. [23]. 
 
𝑅𝑀𝑆𝐸w = √
1
𝑀𝑃
∑∑(𝑄𝑤,𝑡
𝑐 − 𝑄𝑤,𝑡
𝑓)
𝑖
2
𝑀
𝑡=1
𝑃
𝑖=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [21] 
𝑅𝑀𝑆𝐸o = √
1
𝑀𝑃
∑∑(𝑄𝑜,𝑡
𝑐 − 𝑄𝑜,𝑡
𝑓)
𝑖
2
𝑀
𝑡=1
𝑃
𝑖=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [22] 
𝑅𝑀𝑆𝐸p = √
1
𝑀
∑(𝑝𝑜,𝑡𝑐 − 𝑝𝑜,𝑡𝑓)
2
𝑀
𝑡=1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [23] 
where 𝑀 is the number of timesteps, 𝑄 is the production rate, and 𝑃 is the number of producers.  
(1) (2) (3) 
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Test Cases. Two horizontal models containing 18000 
gridblocks of size 30ft×30ft×5ft, shown in Fig. 2 and Fig. 3 are 
used in this paper. A single injector and producer are 
positioned in opposite corners. Injection and production rates 
are controlled by reservoir volume for gas, water and iWAG 
injection. In addition, a 1:1 WAG ratio is used; this enables 
full evaluation of the interaction of all three phases in the 
iWAG injection case. A 60day WAG cycle is used to promote 
water-gas interactions whilst primary WAG injection is used, 
in place of tertiary WAG injection, to investigate three-phase 
flow effects over a longer period. Several flow rates are 
investigated, to avoid unrealistic flow conditions, upper and 
lower BHP limits are set at 5000 psia and 2000 psia, where the 
reservoir pressure is 4000 psia. In this work, the overall 
coarsening factor is given by Eq. 24 and varies from case to 
case. 
 
 
 
 
 
𝜁 =
𝑁𝑥
𝑓
𝑁𝑥
𝑐
𝑁𝑦
𝑓
𝑁𝑦
𝑐 x
𝑁𝑦
𝑓
𝑁𝑦
𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [24] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model 1, shown in Fig. 2, is a heterogeneous model with a 
single rock type which is used in Study 1 to develop an 
understanding of scale-up errors associated with iWAG 
injection. Properties in both models are populated using a 
spherical variogram with dimensionless areal and vertical 
correlation lengths, defined as the correlation length divided by 
the length of the model in the corresponding direction, of 0.5 
and 0.1 respectively. Notably, the correlation length for a 
given property, 𝑃, at a given point, 𝑥, is defined as the 
distance, 𝜉, beyond which there is no correlation between 𝑃(𝑥) 
and 𝑃(𝑥 +  𝜉)[Jaeger, Cook and Zimmerman (2007)]. Model 2 
is a highly channelized model shown in Fig. 3 which is 
designed to be a difficult model to upscale. Model 2 contains 
narrow high permeability channels which vary per zone along 
with thin low permeability layers of shale. Model 1 contains a 
single high quality, water-wet rock type (HQ - RT in Fig. 4 – 
5), whilst model 2 contains two water-wet rock types (HQ - 
RT and LQ - RT in Fig. 4 – 5). Three phase relative 
permeability data is generated from the two-phase relative 
permeability curves given in Fig. 4 and Fig. 5 using the Stone 
1 empirical model. Further reservoir and fluid properties for 
Model 1 and for Model 2 are given in Table 2.  
 
 
 
Table 1: Reservoir and fluid properties for Model 1 and Model 2 
Properties Model 1 Model 2 
Thickness (ft) 100 100 
Initial reservoir pressure (psia) 4200 4200 
Horizontal permeability (mD) 1 – 1000 0.1 – 2000 
Vertical permeability (mD) 0.1 - 100 0.01 – 200 
Oil viscosity (cP) 2 2 
Water viscosity (cP) 0.5 0.5 
Gas viscosity (cP) 0.018 0.018 
Oil formation  volume factor (rb/stb) 
1.02 at 
4000psia 
1.02 at 
4000psia 
Water formation volume factor 
(rb/stb) 
1 at 
4000psia 
1 at 
4000psia 
Gas formation volume factor 
(rb/Mscf) 
0.59 at 
4000psia 
0.59 at 
4000psia 
Rock compressibility (1/psi) 3E-6 3E-6 
Water compressibility (1/psi) 3E-6 3E-6 
 
Fig. 2: Three-Dimensional view of Model 1 
 
Fig. 3: Three-Dimensional view of Model 2 
Fig. 5: (1) Oil-water (2) oil-gas capillary pressure curves 
Fig. 4: (1) Oil-water (2) oil-gas relative permeability curves 
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Scale-up methods. A list of the scale-up procedures used in this study is provided in Table 2. For Study 2, several flow based 
single-phase upscaling techniques with different boundary conditions were considered. A sensitivity test indicated that linear 
boundary conditions produced the most accurate coarse-grid solutions.  
  
Several upgridding and multi-phase upscaling techniques are investigated and compared in Study 2. Two gridding 
algorithms are evaluated in this paper. A permeability based algorithm, similar to the method introduced by Soleng and 
Holden (1998), is used. The algorithm selects a coarse grid which minimizes the variation in permeability within the fine-grid 
cells that correspond to a coarse-grid cell. Secondly a flow based technique, similar to the method introduced by Durlofsky et 
al. (1994), is also evaluated. The flow based algorithm performs a three-phase streamline simulation to determine regions of 
high and low flow. Regions with high flow rates are then refined more finely compared to areas with low flow rates. The 
multi-phase upscaling procedures evaluated in this paper include both pseudo methods and steady state upscaling techniques. 
Individual phase flow rate pseudos are investigated using the PVW pseudos and total mobility based pseudos are investigated 
using Stone’s method. All currently documented steady-state methods are evaluated in this paper, specifically both the 
capillary limit (CL) and viscosity limit (VL) steady state upscaling techniques. For all multi-phase upscaling procedures, one 
set of directionally dependent relative permeability curve is generated per coarse cell in this study. 
 
Specialized procedures are required to scale-up the near-wellbore region due to radial flow around the wellbore [Ding 
(1995)]. In Study 2, local grid refinement is applied for this purpose to scale-up methodologies which do not use pseudos. 
Whereas well pseudos, developed by Emanuel and Cook (1974), are applied to cases were pseudos are generated.  
  
 
Table 2: Summary of scale-up procedures considered in Study 1 and Study 2 
 Single-phase upscaling Upgridding Multi-phase upscaling Near-Well Upscaling 
Study 1 
Arithmetic average (i and j direction) 
Harmonic average (k direction) 
Uniform - - 
Study 2 
Flow based upscaling with linear 
boundary conditions 
Permeability based 
Three phase - flow based 
(See discussion) 
VL steady-state upscaling 
CL steady-state upscaling 
Pore volume weighted pseudos 
Stone pseudos 
LGR 
Well Pseudos 
Results 
Several common themes between both studies are highlighted prior to the presentation of the results. In study 1, RMSE results, 
computed using Eq. [21] – [23], and water breakthrough time (WBRT) errors are provided for each test along with δ 
(discretization error) and ε curves (homogenization error). The coarse-grid dimensions for all cases are 5×5×5 unless explicitly 
stated otherwise. Study 2 results are organized in a similar manner, except γ curves (total scale-up error) are provided in place 
of δ and ε curves, as discussed in the error evaluation methodology section.  
 
Study 1: Upscaling Errors in Two and Three Phase Systems. The objective of this study is to investigate scale-up errors in 
iWAG injection projects and how these errors relate to scale-up errors in two-phase flow.  
 
 The first test in this study is designed to develop the understanding of the δ (discretization error) and ε (homogenization 
error) curves for the reader along with RMSE parameters. For this test, gas, water and iWAG injection are performed over 
1260 days with injection and production controls set to 3500 rb/d. The mismatch parameters coupled with the water  
observations made using WBRT error. The δ and ε curves are saturation dependent and therefore rate-dependent. 
Nevertheless, Fig. 6 shows that the δ and ε curves, exhibit very different features for gas, water and WAG injection despite the 
same injection and production controls. Initially δ and ε curves increase steeply for all cases until a maximum value is reached, 
denoted δM and εM. After δM and εM have been reached, the WAG and water-injection δ and ε curves experience a decline in 
magnitude, whilst gas-injection δ and ε curves remain relatively constant.  
breakthrough time errors (WBRT) for the preliminary test 
are presented in Table 3. 
 
The mismatch parameters indicate that the largest 
mismatch between the coarse and fine-grid occurs for 
iWAG  injection,  followed  by  water-injection  and  then 
gas-injection.  This   observation   remains   consistent  with  
Table 3: RMSE and WBRT values for preliminary test 
 Dynamic and Mismatch parameters 
 
WBRT 
error (%) 
RMSEw 
(STB/d) 
RMSEo 
(STB/d) 
RMSEp 
(psia) 
Gas-injection - - 56 1.8 
Water-injection 26 175 180 2.1 
WAG-injection 43 326 321 12 
 
  
Fig. 6: Preliminary study ε and δ curves for water, gas and WAG injection. 
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Comparing Fig. 6 with water-cut and the GOR graphs provided in Fig. 7, show that δM and εM correspond to the 
breakthrough time of the injected fluids in the coarse and fine grid respectively. For WAG- injection, δM and εM correspond to 
the time at which both injected phases have broken through. As expected, further comparison between Fig. 6 and the oil 
production rate given in Fig. 7 indicates that the errors in oil production rate are largest over regions where 𝛿 and 𝜀 are largest. 
 
 
  
 
  
 
The early time behaviour of the δ and ε curves is dominated by the difference between the coarse and fine-grid flood fronts. 
Scale-up methods which minimize δM and εM on the coarse-scale produce accurate predictions of breakthrough times and 
match early time behaviour of the fine-grid successfully. On the other hand, sometime after breakthrough the effect of the 
differences between the coarse and fine flood front becomes negligible. The magnitude of the homogenization and 
discretization error at late times is therefore a good indicator of whether or not the saturation distribution on the fine-scale has 
been adequately captured on the coarse-scale.   
 
The second test, referred to as the coarsening test, investigates the influence of areal and vertical coarsening on 
discretization and homogenization errors for water and WAG-injection using six different coarse-grid models. For three 
models only vertical coarsening is performed and for three models only areal coarsening is performed. To enable direct 
comparisons between vertical and areal scale-up errors, the overall coarsening factor is defined as 𝜁 = 2 , 𝜁 = 4 and 𝜁 = 10 
(See Eq. 24) in both the areal and vertical scale-up procedures.  
 
The RMSE, WBRT errors and coarse-grid dimensions are documented in Table 4 and the following observations are made: 
   
1. All RMSE values are significantly higher for vertical coarsening cases compared to areal coarsening cases with the 
same overall coarsening factor. This conclusion remains consistent with WBRT errors. 
 
2. The water-injection RMSEw results are higher for water-injection compared to WAG injection for both areal and 
vertical coarsening cases. This is inconsistent with WBRT results, similar errors are observed between water and WAG 
injection for areal coarsening cases. 
 
Table 4: Water and WAG injection (water) breakthrough time errors (WBRT) and RMSE (%) for areal (A) and vertical (V) 
heterogeneity test. 
 Grid  cell bulk volume (ft
3
) 
 A: 𝜁 = 2 V: 𝜁 = 2 A: 𝜁 = 4 V: 𝜁 = 4 A: 𝜁 = 10 V: 𝜁 = 10 
(NX, NY, NZ) (15x30x20) (30x30x10) (15x15x20) (30x30x5) (6x15x20) (30x30x2) 
WAG RMSEw (STB/d) 8.9 59 13 120 25 160 
Water-injection  RMSEw (STB/d) 6.7 97 14 180 31 260 
WAG RMSEo (STB/d) 49 100 82 230 134 370 
Water-injection  RMSEo (STB/d) 6.9 100 14 180 32 270 
WAG RMSEp (psia) 0.78 2.0 1.7 2.5 2.5 11 
Water-injection  RMSEp (psia) 0.11 0.67 0.15 1.6 0.35 3.1 
WAG WBRT Error (%) 4.1 27 4.8 63 9.1 82 
Water-injection  WBRT Error (%) 3.4 17 4 41 9.8 65 
 
The δ curves, shown in Fig. 8, suggest that vertical coarsening in iWAG injection, results in larger discretization error 
compared to both areal coarsening in iWAG cases and vertical coarsening in water-injection cases. Upon injection of gas, the 
discretization error increases significantly, whereas upon injection of water, discretization error decreases. Overall 
discretization error is largest for vertical coarsening which is consistent with WBRT errors but inconsistent RMSE.  
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Fig. 7:  Comparison of (1) GOR and (2) water-cut and (3) oil production rate for preliminary test. 
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Fig. 8: Areal (dotted) and vertical (continuous) gridblock sensitivity test δ and ε curves for (left) water and (right) WAG injection. 
 
The ε curves, shown in Fig. 8, suggest that vertical coarsening results in larger homogenization error compared to areal 
coarsening. This is consistent with observations made from both RMSE and WBRT error. However, unlike discretization 
error, the homogenization error between WAG and corresponding water-injection cases is of a similar magnitude. This is 
consistent with observations made from WBRT errors but not from RMSE evaluation.  
 
Along with large density contrasts, WAG injection also results in large viscosity contrasts due to the presence of gas. In the 
viscosity test, the oil viscosity from 1cP to 25cP for iWAG injection and production and injection rates are set at 350rb/D. 
  
 
Table 5: RMSE and water breakthrough time (WBRT) errors 
for viscosity test. 
RMSE values, given in Table 5, are larger for cases with 
higher oil viscosity. WBRT errors are consistent with this 
observation, however unlike the RMSE values, there is a 
decrease in WBRT errors between 𝜇𝑜= 10 to 𝜇𝑜= 25. 
 
This behaviour is also observed on the ε curve, shown in Fig. 
9, where the magnitude of the homogenization error  
increases  as  viscosity  is  increased  from  𝜇𝑜 = 1 to 𝜇𝑜 = 10. 
 Dynamic and Mismatch parameters 
 
WBRT 
error (%) 
RMSEw 
(STB/d) 
RMSEo 
(STB/d) 
RMSEp 
(psia) 
𝜇𝑜= 1 6.2 3.3 14 1.2 
𝜇𝑜= 2 8.5 6.8 13 1.8 
𝜇𝑜= 10 35 20 27 4.0 
𝜇𝑜= 25 27 21 39 5.2 
However, a decrease in homogenization error is observed between 𝜇𝑜= 10 and  𝜇𝑜= 25. WBRT errors capture this behaviour, 
however RMSE does not. Unlike homogenization error, discretization error remains insensitive to changes in oil viscosity. 
 
 
Study 2: Upgridding and multi-phase upscaling study. The objective of this study is to investigate how effective the 
application of upgridding and multi-phase upscaling techniques are when applied to iWAG injection cases.  
 
By integrating the results of Study 1 into the design of the models documented in Table [7], several models representing 
realistic recovery processes, which are difficult to scale-up accurately, were constructed using the same property distributions 
used to populate Model 2.  
 
Table 7: Design criteria for scale up challenges in Study 2 
Model Injection and production rate 
(rb/D) 
Relative permeability curves 
(see Fig. 4) 
Oil Viscosity (cP) 
1 Rock type under viscous flow conditions 3500 HQ -  RT 2 
2 Rock types under viscous flow conditions 3500 HQ -  RT and LQ -  RT 2 
2 Rock types with adverse mobility ratios 350 HQ -  RT and LQ -  RT 10 
1 Rock type under gravity conditions 350 HQ -  RT 2 
2 Rock types under gravity conditions 350 HQ -  RT and LQ -  RT 2 
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Fig. 9: Viscosity sensitivity test ε and δ Curves for WAG injection. 
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To construct the second rock type, a sensitivity test on the relative permeability end points was performed. To perform a 
fair comparison, the second rock type is initialized equal to the first rock type. Then for each case, either. kro, krw or krg is 
modified. Relative permeability endpoints are calculated through multiplying or dividing the current end-point values by 1.25. 
The result of this study is dependent on several factors including wettability, fluid properties, development strategy etc. hence 
results are documented in the Appendix [C].  Results indicate that the water-relative permeability curves contribute most 
significantly to scale-up errors. These results were then integrated into the design of LQ RT shown in Fig. 4.  
 
Prior to investigating multi-phase upscaling, a comparative study evaluating the effectiveness of various upgridding 
techniques was performed. The results of were then used to determine which upgridding method to apply to construct coarse-
grids prior to multi-phase upscaling. The upgridding methods and coarse-grid dimensions are documented in Table 8. 
 
Table 8: Upgridding methods used to generate coarse grids for multi-phase upscaling 
Model Upgridding method Coarse grid dimensions 
1 Rock type under viscous conditions Flow based  9 x 8 x 8 
2 Rock types under viscous conditions Perm based  8 x 8 x 9 
Adverse Mobility Ratios Perm based  9 x 8 x 8 
1 Rock type under gravity flow conditions Flow based  9 x 8 x 8 
2 Rock types under gravity flow conditions Perm based  8 x 8 x 9 
 
The RMSE errors shown in Table [9] indicate that application of multi-phase scale-up techniques has a negative impact on 
the water production rate for the “1 Rock type under viscous dominated flow” model. However, improvements are observed 
for pressure and oil-production rate. The WBRT errors are inconsistent with these observations, instead indicating that the 
PVW pseudos results in an improvement in results.  
  
Table 9: Water breakthrough time (WBRT) and RMSE error (%) for Model  with 1 rock type under viscous dominated flow 
 Scale-up Methods 
 Perm based Flow based VL Stone’s  pseudos PVW pseudos 
WAG RMSEw (STB/d) 190 130 410 275 270 
WAG RMSEo (STB/d) 90 80   125 67 71 
WAG RMSEp (psia) 45 45 35 27 4.0 
WAG WBRT Error (%) 17 14 15 17 3 
 
 
 
 
The early time behaviour of the γ – curves, shown in Fig. 
[10], suggest that the PVW pseudos have the lowest 
early-time overall scale-up error whilst flow based has 
the largest early time scale-up error. The late time 
behaviour of the γ – curves, shown in Fig. [10], suggests 
that Stone’s method, VL method and PVW all have large 
late time overall scale-up errors. 
Fig. 10: γ – curves for 1 Rock type under viscous conditions model 
 
The second test in this study addresses scale up of the “2 Rock types under the viscous flow conditions” model. The RMSE 
errors documented in the Table [10] indicate that the VL upscaling method and the PVW pseudos both lead to significant 
improvements, whilst Stone’s pseudos result in significant errors. The WBRT errors are consistent with these observations. 
 
Table 10: Water breakthrough time (WBRT) and RMSE error (%) for Model 2 with 2 rock types under viscous dominated flow 
 Scale-up Methods 
 Perm based Flow based  VL Stone’s  pseudos PVW pseudos 
WAG RMSEw (STB/d) 210 350 260 340 210 
WAG RMSEo (STB/d) 130 140 91 200 120 
WAG RMSEp (psia) 41 42 10 13 24 
WAG WBRT Error (%) 18 18 16 45 0.6 
 
 
 
 
The early time behaviour of the γ – curves, shown in Fig. 
[11], suggests that the PVW pseudos have the lowest 
early-time overall scale-up error whilst all other methods 
show similar amounts of early time error. The late time 
behaviour of the γ – curves, shown in Fig. [10], suggests 
that the PVW pseudos results in large overall scale-up 
errors at late-time. 
Fig. 11: γ – curves for 2 Rock type under viscous conditions model 
 
The third test in this study addresses scale up of the “2 rock types with adverse mobility ratios” model. The RMSE errors 
documented in the Table [11] indicate that application of the VL upscaling method results in significant errors, whilst 
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application of Stone’s pseudos and PVW pseudos improve results.  The WBRT errors are consistent with these observations.  
  
Table 11: Water breakthrough time (WBRT) and RMSE error (%) for Model 2 with adverse mobility ratios 
 Scale-up Methods 
 Perm based  Flow based  VL Stone’s  pseudos PVW pseudos 
WAG RMSEw (STB/d) 35 36 34 36 30 
WAG RMSEo (STB/d) 17 24 27 14 9.3 
WAG RMSEp (psia) 13 9.6 1.5 8.5 8.7 
WAG WBRT Error (%) 30 43 42 12 5 
 
 
 
 
The early time behaviour of the γ – curves, shown in Fig. 
[12], suggests that the PVW pseudos have the lowest 
early-time and late time overall scale-up error. The perm 
based method has lower total scale-up error compared 
flow based-coarsening, and lower late time error than all 
methods apart from PVW pseudos. 
Fig. 12: γ – curves for adverse mobility ratios model 
 
The fourth test addresses the scale up of the “1 rock types under gravity dominated flow” model. The RMSE errors 
documented in the Table [12] indicate that application of the VL method and Stone’s pseudos results in large errors whilst 
PVW pseudos result in an improvement in results.  The WBRT errors are not consistent with these observations, instead 
indicating that application of Stone’s pseudos improves results although to a lesser degree compared to PVW pseudos. 
  
Table 12: Water breakthrough time (WBRT) and RMSE error (%) for Model 2 with 1 rock type under gravity dominated flow 
 Scale-up Methods 
 Perm based  Flow based  VL Stone’s  pseudos PVW pseudos 
WAG RMSEw (STB/d) 11 9 11 10 4.5 
WAG RMSEo (STB/d) 4.3 3.5 8.0 12 2.1 
WAG RMSEp (psia) 1.5 1.3 1.4 0.66 0.55 
WAG WBRT Error (%) 9.8 13 8.5 5.1 2.2 
 
 
 
The early time behaviour of the γ – curves, shown in Fig. 
[13], suggests that the PVW pseudos have the lowest 
early-time overall scale-up error whilst Stone’s method 
has the largest early time and late time overall scale-up 
error. The lowest late time overall scale-up error is given 
by the perm based method. 
Fig. 13: γ – curves for 1 Rock type under gravity conditions model 
 
The fifth test in this study addresses scale up of the “2 rock types under gravity dominated flow” model. The RMSE errors 
documented in the Table [13] indicate that application of the VL upscaling produces errors. RMSE errors whilst improvements 
are observed for application of PVW pseudos.  The WBRT errors are consistent with these observations.  
 
Table 13: Water breakthrough time (WBRT) and RMSE error (%) for Model 2 with 2 rock types under gravity dominated flow 
 Scale-up Methods 
 Perm based  Flow based  VL Stone’s  pseudos PVW pseudos 
WAG RMSEw (STB/d) 8.7 9.3 12 5.3 1.6 
WAG RMSEo (STB/d) 11 9.4 11 10 4.5 
WAG RMSEp (psia) 1.7 0.66 0.66 1.0 0.62 
WAG WBRT Error (%) 9.8 6.4 15.6 5.3 2.2 
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The early time behaviour of the γ – curves, shown in Fig. 
[14], suggests that the PVW pseudos have the lowest 
early-time overall scale-up error. The perm based method 
offers an improvement in late time total scale-up error 
compared to the other methods, whilst the VL method 
results in large scale-up error at late times.  
Fig. 14: γ – curves for 2 Rock types under gravity conditions model 
Analysis  
Study 1: Scale-up Errors in Two and Three Phase Systems. The balance of viscous, capillary and gravity forces is of 
critical importance in understanding the results presented in the previous section. For the preliminary study, 𝑁𝑔 = 3.0, 𝑁𝑤 =
0.56, 𝐶𝑔 = 0083, 𝐶𝑤 = 0.15 (see Eq. 10 – 13) indicate that the gas and water injection cases are respectively more gravity-
dominated and more viscous-dominated. Cross sectional views of the reservoir shown in Fig. 15 authenticate these conclusions 
made using dimensionless numbers. The force balance test, given in Appendix [C], concludes that the distinctively different 
features in δ and ε curves between gas, water and WAG injection are a direct consequence of different underlying forces due 
to the different injected fluids. As mentioned previously, early time discretization and homogenization errors are dominated by 
the difference between the coarse and fine-grid flood fronts.  Viscous-dominated flow result in a piston-like displacement as 
shown in Fig. 15, thus soon after flood front breaking through, the discretization and homogenization errors decrease sharply. 
Gravity-dominated flow results in the segregation of fluids, where less dense fluids flow above the more dense fluids as shown 
in Fig. 15. At time of breakthrough, gas in the uppermost layer arrives at the producer, however it is over a large period of time 
that breakthrough is achieved in each layer. Consequently discretization and homogenization error experience a far more 
gradual decrease in magnitude compared to viscous dominated flow, as observed in the preliminary study results. Describing 
the physics involved in three-phase flow is complicated. However, a reasonable assumption is that if the flow in either the oil-
water or gas-oil interface is more viscous dominated and the other is more gravity dominated, then the resultant three phase 
flow is dominated by a complex combination of both these forces, as shown in Fig. 15.              
 
 
 
 
 
The presence of an upper gas layer in iWAG injection due to gravity segregation can result in large discretization errors if 
vertical coarsening is performed. Discretization error results in numerical smearing of the flood front. The effect of this on the 
coarse-grid is that the injected fluid is dispersed into locations where the injected fluid is not situated in the fine-grid. 
Consequently, if the coarse-grid does not honour the phase boundaries, gravity segregation causes large discretization errors as 
observed in the coarsening test. The same study also observed larger homogenization error for vertical coarsening compared to 
areal coarsening. Unlike discretization error, this is also observed in the water-injection case. It is a consequence of the fact 
that the correlation lengths used to generate the properties are large areally (450ft) and small vertically (10ft). 
   
 Along with large density contrasts, gas also causes large viscosity contrasts thus large mobility contrasts. The viscosity 
test established that unfavourable mobility ratios result in large homogenization errors. This is a consequence of the inability 
of single-phase upscaling to capture the fine-scale viscous fingering, shown in Fig, 16, on the coarse-scale. Araktingi and Orr 
(1993) observed that a variable permeability distribution, coupled with large correlation lengths, results in the formation of 
fingers which follow the same path regardless of the mobility ratio. The 𝜇o = 10cP and 𝜇o = 25cP cases shown in Fig. 16 
support this hypothesis. Results from the viscosity experiment 
show that homogenization and discretization error are similar 
between 𝜇o = 10cP and 𝜇o = 25cP. This suggests that for 
variable permeability distributions with large correlation 
lengths, scale-up error is insensitive to mobility ratio increase 
after a certain mobility ratio value.  
 
Study 2: Upgridding and multi-phase upscaling study. In the previous analysis, the necessity of capturing the phase 
boundaries on the coarse-simulation grid, to avoid large discretization errors was highlighted. To capture oil-water and gas-oil 
phase boundaries, suitable grid upgridding techniques must be applied. In this paper, flow based coarsening is performed using 
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Fig. 16: Viscous fingering after 60 days 1) 𝝁𝐨 = 𝟐𝐜𝐩,   
𝟐) 𝝁𝐨 = 𝟏𝟎𝐜𝐩, 𝟑) 𝝁𝐨 = 𝟐𝟓𝐜𝐩 
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 𝑆𝑤𝑐  
 𝑆𝑤 > 𝑆𝑤𝑐  
Fig. 15: Cross section view of ε-distribution at 360 days for (1) gas (gravity dominated), (2) water (viscous 
dominated) and (3) WAG injection (complex combination) 
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a three-phase streamline simulation. Traditionally, a less computationally demanding two-phase streamline simulation or a 
single-phase simulation is performed [Durlofsky et al. (1994)]. However both these approaches do not capture the gas-oil 
phase boundary. Nevertheless, the model used in this test contains high contrasts in permeability at the top of the model, thus 
permeability based method does not result in significant discretization error. Interestingly, results from the 2 Rock types model 
with adverse mobility ratios, results in larger scale-up errors for flow based compared to permeability based coarsening. 
Previous analysis revealed that the fingers which develop due to adverse mobility ratios are dependent on the permeability 
distribution. Permeability based coarsening better captures the fine-scale permeability distribution hence more accurately 
reproduces the fine-scale viscous fingering. Whereas flow based coarsening does not accurately honour the fine-scale pattern 
of viscous fingering resulting in different flow behaviour thus larger scale-up errors. For the unfavourable mobility ratio 
model, all methods result in significant errors. To avoid this, a finer coarse-grid model coarsened using permeability based 
coarsening and upscaled using PVW pseudos is recommended. 
 
Results from Study 2 indicate that the application of the VL method or Stone’s pseudos generally results in significant 
coarse-grid errors. For 3500rb/D and the 350rb/D, the gas gravity numbers are respectively 𝑁𝑔 =  4.1 and 𝑁𝑔 = 41. This 
indicates that in both cases, gravity forces significantly affect the gas phase. The literature review indicated that both these 
methods are unreliable in the presence of significant gravity forces therefore produce large scale-up errors for iWAG injection.  
 
Consistent improvement is observed in WBRT and RMSE for PVW pseudos. The γ curves in Study 2 show a consistent 
reduction in total scale-up error at early times. This is observed because PVW pseudos, and other pseudo methods, reduce 
discretization error. However, the γ curves also indicate that the PVW pseudos and Stone’s pseudos introduces significant 
error at late times.  This represents a failure of pseudo methods to adequately capture the fine-scale saturation distribution on 
the coarse-scale. In part, this is attributed to the fact that pseudo approaches minimize the difference between the coarse and 
fine-scale pressure or phase flow rates, which may lead to large differences in the coarse and fine saturation distributions. In 
addition, pseudos are typically made monotonic prior to input into the simulator and bounded by the interval [0,1]. By 
applying monotonicity constraints, artificial behaviour is introduced into the pseudos, which may result in large differences 
between the coarse and fine-scale saturation distribution. For PVW pseudos, comparisons of WBRT between viscous and 
gravity dominated cases suggest that as gravity forces become more significant, scale-up errors become larger. However, the 
errors remain within 5%, indicating that application of the PVW pseudos to gravity-dominated cases remains valid.  
Discussion  
This paper’s intent was to address the limited documentation in the literature concerning the scale-up of EOR processes. 
Application of EOR techniques is becoming more common and greater emphasis needs to be placed in determining reliable 
and accurate scale-up methodologies for EOR processes. This requires the attention of many detailed studies. This paper 
focused on immiscible WAG (iWAG) injection with dead oil and dry gas. Several scale-up techniques were considered, 
however not all promising techniques were evaluated. Further discussion regarding the scale-up techniques applied in this 
paper along with other techniques which merit further investigation, indicated by the literature review, are highlighted below.  
 
Upgridding. Study 1 showed the need to honour the fine-grid phase boundaries on the coarse-grid to control discretization 
errors. To achieve this, Study 2 showed the need to apply flow based coarsening using a three-phase streamline simulation. 
Study 2 also showed that under certain conditions with adverse mobility ratios, flow based coarsening results in the formation 
of viscous fingers with a different pattern on the coarse-scale compared to the fine-scale leading to large scale-up errors. In 
such cases, permeability based coarsening method better captures the fine-scale pattern viscous fingering pattern. The need to 
honour both the underlying permeability distribution and to capture the regions of high flow cannot both be addressed through 
application of either technique alone. For such cases, vorticity based upgridding [Mahani and Muggeridge (2005)], which 
refines finely in regions of high permeability contrasts and in regions of high flow may be well suited. 
 
Multi-phase upscaling. The literature review highlighted drawbacks associated with all multi-phase upscaling procedures. 
The need for a fine-grid approximation to use pseudo approaches, coupled with their reported sensitive nature to small 
perturbations in flow conditions, attaches huge computational cost to pseudo approaches. In this study, the process dependency 
issue was not directly investigated. Future work for developing guidelines to determine whether the application of pseudos 
generated for one development strategy, can yield accurate results when applied to a different development strategy is 
recommended. Such guidelines, particularly given the increase in computational efficiency as a direct consequence of parallel 
computing, may result in an accurate and computationally efficient methodology scale-up process for multi-phase flow.  
 
Alternatively, steady state methods do not require a fine-grid simulation and the methodology is process independent. 
However, steady state methods suffer from restrictions in their domain of applicability; they are only valid in viscous or 
capillary dominated flow conditions. This work demonstrates that the application of the VL steady state upscaling method or 
Stone’s method, can result in large scale-up errors. This is attributed to the presence of gravity forces in the iWAG injection 
cases. Results from this work suggest that the domain of applicability of both these methods for iWAG injection is far smaller 
than in the water-injection case. The CL steady state upscaling method is reported by Jonoud and Jackson (2008) to have an 
even smaller domain of applicability in the two-phase case, and hence is expected to have a smaller domain of applicability 
than the VL steady state upscaling method for iWAG injection. Given that large contrasts in density are expected between the 
gas and oil phase for all iWAG injection cases, these three methods are in general expected to produce unreliable results when 
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applied to iWAG injection. Notably, Barker and Fayers (1994) extended Stone’s pseudos to develop total mobility pseudos 
which incorporates gravity effects. Furthermore Darman et al. (1999) developed the transmissibility weighted pseudos 
designed for application to systems with strong gravitation forces.  Further investigation into the applicability of both these 
methods to iWAG injection is recommended.  
 
PVW pseudos are the only consistently successful multiphase upscaling technique used in this study. However, as 
mentioned previously, simulators impose monotonicity constraints to avoid simulator instabilities.  Application of 
monotonicity constraints modify the pseudos and therefore introduce artificial behaviour into the coarse-scale simulations 
which increase scale-up errors. In addition, simulators require that inputted relative permeability values are bounded by the 
interval [0, 1]. Often, the pseudos will have end-points larger than 1, therefore applying this constraint results in large scale-up 
errors, particularly at late times as observed in Study 2. The removal of this constraint may result in an improvement in the 
mismatch observed in the late-time coarse and fine-grid behaviour. Alternatively, an iterative approach to adjust the absolute 
permeability of the underlying model could be considered. Another alternative is the application of more accurate single-phase 
upscaling procedures, such as the adaptive local global method developed by Wen et al. (2005), which may produce more 
monotonic pseudos, therefore reducing the loss of information due to application of the monotonicity constraint.  
  
Error-evaluation methodology. The error evaluation methodology introduced in this paper differs from the methodology 
introduced by Sablok and Aziz (2008). Firstly, Sablok and Aziz (2008) evaluate discretization and homogenization error for a 
single point in time, whereas the method developed in this paper enables assessment of how discretization and homogenization 
errors vary over time. Secondly, Sablok and Aziz (2008) use no weighting factor (Eq. 16 and 17) to evaluate discretization and 
homogenization errors. Instead they divide by the number of fine gridblocks 𝑁𝑓. In this paper, a refined pore volume 
weighting is introduced into the calculation of discretization and homogenization error for several reasons. Pore volume, 𝑉𝑝, is 
used to increase the relative contribution of gridblocks containing larger quantities of oil to the overall scale-up error. In 
addition, the use of pore volume enables direct comparisons of discretization and homogenization error between scale-up 
procedures applied to different underlying grids. The use of the number of fine-gridblocks by Sablok and Aziz (2008) restricts 
comparisons to the same underlying fine-grid, however comparisons between cases with different underlying fine-grids would 
be useful for example in scale-up comparative studies. Refined Pore Volume, 𝑉𝑝
𝑟, is used in order to ensure that the weighting 
factor remains consistent when evaluating discretization and homogenization error. This enables direct comparisons between 
the homogenization and discretization errors to allow assessment of the impact of both types of errors. The underlying 
assumption made by using refined pore volume to evaluate discretization and homogenization error is that the difference in the 
fine-grid and coarse-grid pore volume does not contribute to the total error. This assumption is argued to be acceptable by the 
fact that there is only one method to scale-up pore volume and that on the coarse-scale the fine-grid pore volume is equal to 
the coarse-grid pore volume. Several properties were investigated in place of 𝑆𝑜 for the error measure for example pressure, 
mobility and relative permeability. The consistency of the results obtained using the other error measures provides credibility 
to the overall methodology. Hydrocarbon pore volume, 𝐻𝐶𝑃𝑉 = 𝑉𝑝𝑆𝑜𝑚, was also investigated without the use of a weighting. 
However, results obtained from this method were difficult to analyse. Unfortunately this method cannot be used to evaluate 
cases where pseudos are applied since they account for discretization error. Instead a modified approach is proposed which 
evaluates total scale-up error and is used to evaluate and compare multi-phase upscaling procedures.  
 
In addition, application of RMSE to scale-up, which is often used in history matching applications, was also investigated. 
The observations made from applying this history matching technique were at times inconsistent with results obtained using 
the other error measures. It was observed that RMSE comparisons are only valid when comparing several different scale-up 
techniques on the same fine-grid with the same development strategy. 
 
Simplifying assumptions. In this work dead oil and dry gas have been assumed. If the dead oil assumption is removed, and 
the dry gas is replaced with an injected gas which has a strong stripping effect, for example CO2, then Bourgeois et al. (2011) 
suggest that application of alpha factors may be required. However, alpha factors [Barker and Fayers (1994)] are grid-size 
dependent and strongly dependent on the composition of the injected gas, hence process dependent. In addition, their 
application is complicated; further work is required to deduce whether or not alpha factors are required for iWAG injection. 
 
All simulations in this work have been performed on small synthetic models, where it has been possible to generate one 
pseudo per coarse gridblock. For full field application, this assumption is no longer acceptable and methods to group pseudos 
must be considered. Coll et al. (2001) introduce a promising approach to accomplish this for two-phase flow by grouping 
pseudos in areas with similar capillary and gravity numbers. Extension and application to three-phase flow is recommended. 
Conclusions 
Several tests have been performed in this paper investigating the application of single-phase upscaling, upgridding, near-well 
upscaling and multi-phase upscaling techniques for immiscible three-phase flow in highly heterogeneous models with large 
correlation lengths. In particular, the VL steady state method, pore volume weighted (PVW) and Stone’s pseudos were 
investigated. From the analysis of the results, the following conclusions have been drawn: 
1. For all cases tested, application of PVW pseudos improves coarse-grid simulation accuracy. The ability of pseudos to 
compensate for numerical dispersion leads to highly accurate early time coarse-scale simulation results. However, the 
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application of constraints to convert non-monotonic pseudos into monotonic pseudos bounded by the interval [0, 1] 
changes the corresponding behaviour of the pseudos, which in particular leads to large late time scale-up errors. 
2. The domain of applicability of steady-state methods, which assume either viscous-dominated flow or capillary-dominated 
flow, is found to be significantly smaller for three-phase cases compared to water-injection cases. This is a direct 
consequence of the increase in relative contribution of the gravity forces in three-phase flow as a consequence of the large 
density contrasts due to the gaseous phase.  Similarly, Stone’s pseudos which neglect gravity forces are found to be 
applicable over a very small range.  
3. Individual evaluation of discretization and homogenization errors can provide insight into the nature of scale-up errors. 
The proposed methodology requires two fine-grid and one coarse-grid simulations to be run. Therefore the methodology 
is more computationally demanding than conventional error evaluation approaches, which require one fine-grid and one 
coarse-grid simulation. However, the proposed methodology reliably assesses the accuracy of a scale-up methodology, 
whereas conventional error evaluation methods can be misleading. Hence application of the proposed methodology is 
recommended, in particular for scale-up comparative studies. 
4. The application of the proposed methodology was used to determine the following in this paper: 
a. In general, vertical coarsening in iWAG cases is found to result in larger discretization error than in water-
injection cases. To account for this, flow based upgridding using a three-phase streamline simulation is 
required in order to honour the phase boundaries between the three phases.  
b. For cases with adverse mobility ratios, viscous fingering was found to result in large homogenization error. For 
large correlation lengths, the viscous fingers are permeability dependent, thus permeability based coarsening is 
recommended, where manual refinement of the upper layers, to respect the gas phase boundaries is performed.  
Recommendations for Further Work 
To improve the reliability of the conclusions made from this study, the following studies are recommended:  
1. Evaluation of the effectiveness of techniques used in this work, when applied to a full field model is recommended. Full 
field application would also have to consider how to group pseudos, as generating one pseudo per gridblock would no 
longer be feasible. One possibility is to group pseudos together in areas with similar gravity and capillary numbers. 
2. A study comparing the effectiveness of permeability based, flow based and vorticity based coarsening methods applied to 
iWAG recovery processes is recommended. In particular, a study detailing the effectiveness of all three methods when 
applied to adverse mobility conditions is recommended.  
3. A further study comparing multi-phase upscaling methods, which in particular includes evaluation of total mobility 
pseudos and transmissibility weighted pseudos is recommended. Both these methods are more applicable to gravity-
dominated flow regimes compared to Stone’s pseudos and pore volume weighted pseudos. Consequently both these 
methods have potential to produce more accurate results in three-phase flow cases. 
4. A study investigating the application of alpha factors to iWAG injection with live oil and an injected gas with a strong 
stripping effect e.g. CO2. Alpha factors are process dependent and somewhat complicated to use, therefore such a study 
should focus on whether or not they are recommended for the scale-up of iWAG injection.  
5. An investigation into the reduction of the monotonicity effects, in particular the [0, 1] bound imposed on the curves using 
the following three methods is recommended: 
a. An iterative approach to adjust the absolute permeability of the underlying model to compensate for the 
imposed [0, 1] bound. 
b. The application of more accurate single-phase upscaling procedures, such as the adaptive local global method 
developed by Wen et al. (2005). In particular, this study should focus on whether or not more accurate single-
phase upscaling results in more monotonic pseudos honouring the [0, 1] bound.  
c. Adapting the simulator, by removing the monotonicity constraint and inputting non-monotonic pseudos. The 
instabilities caused by this are in particular to be evaluated along with the potential benefits.  
Nomenclature 
𝐶 = Capillary Number 
∆𝐷  = Average Vertical Elevation 
𝐷𝑋 = Size of the Gridblocks in the X-Direction 
𝐷𝑌 = Size of the Gridblocks in the Y-Direction 
𝐷𝑍 = Size of the Gridblocks in the Z-Direction 
𝑓 = Fractional Flow 
𝑔 = Gravitational acceleration = 9.81𝑚𝑠−2 
𝐺𝑛 = Gravity Number 
𝑄 = Volumetric Flow Rate 
𝑆 = Saturation 
𝑆𝑤𝑐 = Connate water saturation 
𝑆𝑤𝑐𝑟  = Critical Water Saturation 
𝑇𝐵𝑅𝑇 = Breakthrough time 
𝑉 = Total Bulk Volume 
𝑉𝑝
 = Pore Volume 
𝑉 = Bulk volume 
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𝐻𝐶𝑃𝑉 = Hydrocarbon bearing Pore Volume 
ℎ = Thickness 
𝑘𝑟 = Relative Permeability  
𝑘 = Absolute Permeability  
𝐿 = Length 
𝑀 = Mobility Ratio 
𝑁 = Number of Gridblocks   
𝑁𝑋 = Number of Gridblocks in the X-Direction 
𝑁𝑌 = Number of Gridblocks in the Y-Direction 
𝑁𝑍 = Number of Gridblocks in the Z-Direction 
𝑃 = Pressure 
𝑃𝑐 = Capillary Pressure 
𝛾(𝑖,𝑗,𝑘) = Total scale-up error in gridblock (𝑖, 𝑗, 𝑘) 
𝛾𝑇 = Total averaged total scale-up error for time t 
𝛿(𝑖,𝑗,𝑘) = Discretization error in gridblock (𝑖, 𝑗, 𝑘) 
𝛿T(𝑘𝑟𝑜) = Total averaged Discretization error for time t 
𝜀(𝑖,𝑗,𝑘) = Total averaged Homogenization error for time t 
𝜀(𝑖,𝑗,𝑘) = Homogenization error in gridblock (𝑖, 𝑗, 𝑘) 
𝜁 = Overall scale-up factor 
𝜌 = Density 
𝜆 = Total mobility 
𝜇  = Viscosity 
𝜙 = Porosity 
Subscripts:  
 
𝑜 = Oil Phase 
𝑤 = Water Phase 
𝑔 = Gaseous Phase 
 𝑜𝑤 = Oil-Water 
𝑔𝑜 = Gas-Oil 
𝑥 = x-direction 
𝑦 = y-direction 
𝑧 = z-direction 
Superscripts: 
 
𝑐 = Coarse grid 
𝑓 = Fine grid 
𝑟 = Refined grid 
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Appendix A: Literature Review 
The governing theory behind the scale-up process can be split into four general areas:   
 
1. Absolute Permeability Upscaling  
2. Upscaling Relative Permeability 
3. Upgridding 
4. Multi-scale Methods 
 
Upscaling absolute permeability is well documented and as mentioned previously, is not the main focus of this paper. 
Consequently a milestone table for absolute permeability has been neglected; instead the reader is referred to [1, 6 and 7] for 
further details. However, near-well upscaling is a relevant part of this paper accordingly a milestone table for near-well 
upscaling is included along with Upscaling Relative Permeability, Upgridding and Multiscale methods are provided below:  
 
Near-Well Upscaling. The flow in the near wellbore region, which heavily influences well production, is radial whilst away 
from the wellbore it is approximately linear. Standard upscaling approaches are designed to upscale the majority of the 
reservoir i.e. away from the wellbore. Accordingly they may not be accurate in the near wellbore region. This observation has 
led to the development of specialized procedures for upscaling in the near-wellbore region. The milestone table below 
incorporates single-phase and multi-phase near-well upscaling techniques. Notably, approaches using relative permeability 
upscaling, upgridding procedures or multiphase methods in the context of upscaling near the wellbore have been integrated 
into the table: 
 
Paper No. Year Title Authors Contribution 
SPE 4731 1974 Pseudo-Relative 
Permeability for Well 
Modelling 
A.S. Emanuel 
G.W. Cook 
The paper extended the concept of pseudo-relative 
permeability curves (PRPCs) to individual wells. 
The authors’ aim was to improve prediction 
accuracy for simulations for 3D models using 2D 
models; however by deriving PRPCs for each well 
they inadvertently addressed the issue of two-
phase, near-well upscaling.  
SPE 10974 1982 Local Mesh 
Refinement for Finite 
Difference Methods 
D.V. Rosenberg The paper presented the first attempt to coarsen the 
near-well region more finely relative to the rest of 
the reservoir. The concept of non-uniform 
coarsening introduced in this paper has been 
applied in various other upgridding techniques e.g. 
flow based upgridding. 
SPE 16011 1987 Computing Absolute 
Transmissibility in the 
Presence of Fine-Scale 
Heterogeneity 
C.D. White 
R.N. Horne 
The paper presented the first attempt to upscale the 
properties in the near-well region differently to the 
rest of the reservoir through the use of global flows 
to calculate coarse scale properties. However, the 
procedure provided to calculate the wellblock 
transmissibility was inaccurate due to the lack of 
consideration of the coarse grid well PI. 
SPE 29137 1995 Scaling-up in the 
Vicinity of Wells in 
Heterogeneous Field 
Y. Ding The paper presented the first accurate proposed 
methodology for near-well upscaling. In this 
numerical approach, wellblock transmissibilities 
and the upscaled well index are calculated through 
well-driven boundary conditions calculated 
through a global fine-scale simulation. 
SPE 61855 1999 Scaleup in the Near-
Well Region 
L.J. Durlofsky 
W.J. Milliken 
A.Bernath 
The paper improved Ding’s method (SPE 29137) 
by encompassing additional fine gridblocks 
surrounding the target coarse gridblock in the 
upscaling of wellblock transmissibility. In addition, 
computational efficiency is increased through the 
use of constant pressure boundary conditions along 
with a line source with 𝑃 = 1 for the well instead 
of using global flow information. 
Petroleum 
Geoscience 8: 
pg. 133-139 
2002 Scale-up of well 
performance for 
reservoir ﬂow 
simulation 
A.H. Muggeridge 
M. Cuypers 
C. Bacquet 
J.W. Barker 
The paper developed Ding’s method by extending 
the method’s applicability to partially penetrating 
wells, horizontal wells and inclined wells. 
Advances in 2003 A coupled local–global Y. Chen The paper presented a new absolute permeability 
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Water 
Resources 26: 
pg 1041 – 
1060 
upscaling approach for 
simulating flow in 
highly heterogeneous 
formations 
L.J. Durlofsky 
M. Gerritsen 
X.H. Wen 
upscaling method which uses a quasi-global 
approach to determine appropriate boundary 
conditions for single-phase upscaling.  This 
approach incorporates radial flow near the wellbore  
in the calculation of coarse scale permeability  
SPE 87067 2004 New Analytical 
Correction For Multi-
Phase Flow Effect in 
Near-Well Regions of 
Coarse Grid System 
T. Nakashima 
M. Nomura 
Peaceman’s formula is shown to not be applicable 
to injectors. Subsequently a new well PRPCs 
method to account for the saturation gradient in the 
injector well-block is developed for two-phase 
flow. 
Multiscale 
Modelling and 
Simulation 5 
pg 900-917 
2006 Well modeling in the 
multi-scale finite 
volume method for 
subsurface flow 
simulation 
C. Wolfsteiner 
S.H. Lee 
H.A. Tchelepi 
The paper extended the multi-scale finite volume 
procedure for accurate reconstruction of the fine 
scale pressure and velocity field in the vicinity of 
wells. The well effects are computed using a 
separate basis function which is superposed onto 
the fine grid (background) solution to provide an 
accurate representation of the flow field.  
Computational 
Geosciences 
12: pg 29-45 
2008 Upscaled modeling of 
Well Singularity for 
Simulating flow in 
heterogeneous 
formations 
Y. Chen 
X.H. Wu 
The paper introduced an alternative approach to 
Flow based Near-Well Upscaling where the 
solution for the pressure equation is decomposed 
into a singular (radial flow) and regular part 
(slowly varying linear flow). The singular part, 
characterized by the fine scale permeability at well 
locations, has dominant impact on near-well flows. 
The paper shows the coarse scale well index can be 
approximated by averaging the fine scale 
permeability along the well trajectory. This avoids 
the more computational demanding flow based 
near-well upscaling techniques.  
Stanford 
University 
PhD thesis 
2009 Near-Well Upscaling 
for Two and Three 
Phase Flow 
T. Nakashima The paper introduced new equations for near-well 
upscaling for multiphase flow designed for 
modeling dissolved gas when pressure drops below 
the bubble point. This effect is complicated by the 
lower pressure in the vicinity of the well coupled 
with the interplay of fine-scale heterogeneity and 
multiphase flow physics. 
Table A-1: Key milestones related to Near-Well upscaling. Shaded rows correspond to papers which have been summarized in the 
Critical Paper Analysis section. 
 
Upscaling Relative Permeability and Capillary Pressure. In modern times, relative permeability and capillary pressure are 
often not upscaled. Instead the use of accurate single-phase upscaling procedures coupled with specialized gridding techniques 
suffices for upscaling two-phase flow [1]. This paper develops procedures for Upscaling three-phase flow consequently 
upscaling relative permeability must be reconsidered for this application. Accordingly a milestone table for Upscaling Relative 
Permeability is given below: 
 
Paper No. Year Title Authors Contribution 
SPE 1961-PA 1967 Simulation of Three-
Dimensional, Two-
Phase Flow in Oil and 
Gas Reservoirs 
K.H.  Coats 
R.I. Nielsen 
M.H. Terhune 
A.G. Weber 
The paper introduced the first PRPCs into the 
literature in the form of vertical equilibrium (VE) 
PRPCs. The method assumes VE, i.e. gravity and 
capillary forces dominate over viscous forces. 
SPE 2929 1971 Simulation of Stratified 
Waterflooding by 
Pseudo-Relative 
Permeability Curves 
C.L. Hearn The paper introduced the first PRPCs where 
viscous forces dominate for 2-D simulation of a 3-
D reservoir.  
SPE 4071 1973 The Modeling of a 
Three-Dimensional 
Reservoir with a Two-
Dimensional Reservoir 
Simulator 
H.H. Jacks 
O.J. Smith 
C.C. Mattax 
The Paper introduced the first dynamic PRPCs in 
the context of simulating three-dimensional flow 
accurately using two-dimensional areal models of 
the reservoir. 
SPE 5105 1974 New Pseudo-Functions 
to Control Numerical 
J.R. Kyte 
D.W. Berry 
The paper introduced one of the most commonly 
used PRPCs generation method called the Kyte and 
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Dispersion Berry method. The method accounts for 
differences in the block lengths between the fine 
and coarse grid which help control numerical 
dispersion.  
SPE 7418 1979 Reservoir Simulation of 
the Empire Abo Field: 
The Use of Pseudos’ in 
a Multilayered System 
J.E. Killough 
H.P. Foster 
The paper introduced the concept of directionally 
dependent PRPCs. The use of such PRPCs 
increased the accuracy of the results and the 
methodology became common practice when 
generating PRPCs.  
SPE 10023 1982 The Prudhoe Bay Field: 
Simulation Of a 
Complex Reservoir 
J.E. Killough 
E.J. Pavlas 
C.Martin 
R.K. Doughty 
The paper introduced a new method to account for 
velocity-dependence in PRPCs and pseudo- 
capillary pressure relationships. The paper also 
explored the sensitivity of PRPCs with respect to 
initial saturations. 
SPE 10975 1982 An Improved Method 
for the Determination of 
Pseudo-Relative 
Permeability Data for 
Stratified Systems 
A.D. Simon 
L.F. Koederitz 
The paper developed the original method of Hearn 
(SPE 2929) to account for the non-piston like 
displacements which occur in the reservoir.  
SPE 21207 1991 Rigorous Black Oil 
Pseudo Functions 
H.L. Stone The paper introduced a new method for calculating 
black-oil PRPCs. The method is applicable for all 
flow rates; however it is shown to be 
mathematically inconsistent when applied to a 
dipping reservoir.  
Reservoir 
Characterization 
pg. 52 - 76 
1991 The influence of small-
scale heterogeneity on 
average relative 
permeability 
E. H. Smith The paper introduced steady-state methods to 
upscale relative permeability. The methods do not 
require fine-grid simulations which pseudo 
functions require. However, the methods are only 
valid when capillary or viscous forces dominate.  
SPE 22591-PA 1994 Transport Coefficients 
for Compositional 
Simulation With Coarse 
Grids in Heterogeneous 
Media 
J.W. Barker 
F.J. Fayers 
The paper introduced alpha factors to model 
interactions between different phases between 
coarse grid blocks in a compositional simulator. In 
addition, the paper also developed Stone’s method 
to develop the Total mobility method which is 
applicable to titled reservoirs. 
SPE 22931 1995 The Upscaling of 
Miscible and 
Immiscible Processes in 
Porous Media 
H.R. Zhang  
K.S. Sorbie 
The paper introduced a new PRPCs generation 
method which is applicable to complex geometries. 
The method is based on fractional flows and was 
validated for immiscible and miscible 
displacements for adverse mobility ratios.  
SPE 35157 1996 Evaluation of Dynamic 
Pseudofunctions for 
Reservoir Simulation 
R.E. Guzman 
D. Giordano 
F.J. Fayers 
A. Godi 
K. Aziz 
The first paper to perform a comparative study on 
PRPCs methods. A mathematical analysis showed 
that Stone’s method is not consistent when gravity 
or capillary pressures are included. 
SPE 38744 1997 Efficient Upscaling 
from Cores to 
Simulation Models 
A. Kumar  
C.L. Farmer 
G.R. Jerauld  
D. Li 
The paper presents a new methodology for 
calculating PRPCs where the capillary number 
dependent PRPCs are calculated from linearly 
interpolating between the capillary and viscous 
limit PRPCs. 
SPE 69674 1999 The Development of 
Pseudo functions for 
Gravity-Dominated 
Immiscible Gas 
displacement 
N.H. Darman 
G.E. Pickup 
The paper introduced a new PRPCs generation 
method designed for systems with strong 
gravitational forces. No other PRPCs specifically 
account for this; simulation show increased 
accuracy relative to other methods for such 
systems. 
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SPE 74139 2000 Regional Upscaling: A 
New Method to Upscale 
Waterflooding in 
Heterogeneous 
Reservoirs for a Range 
of Capillary and 
Gravity Effects 
C. Coll 
A.H.Muggeridge  
X.D. Jing 
The paper developed the concept of force maps 
which help to evaluate which areas of the reservoir 
are capillary, gravity or viscous dominated. From 
the force maps, appropriate pseudorelative 
permeability techniques and non-uniform 
coarsening are applied to provide accurate results. 
 
Table A-2: Key milestones related to Upscaling Relative Permeability. Shaded rows correspond to papers which have been 
summarized in the Critical Paper Analysis section. 
 
Upgridding and layer coarsening. Accurate upgridding/layer coarsening is essential for successful subsequent upscaling. In 
the context of two-phase flow, specialized upgridding techniques are used as an alternative to upscaling relative permeability. 
For a paper considering upscaling of three-phase flow, consideration of upgridding techniques is essential. Accordingly a table 
highlighting the milestones of Upgridding developments is provided below: 
 
Paper No. Year Title Authors Contribution   
  
Journal of 
American 
Statistical 
Association 
53: pg. 789-
798 
1958 On Grouping for 
Maximum Homogeneity 
W.D. Fisher The paper presents the earliest method to 
perform uplayering where permeabilities are 
ranked in order of magnitude, regardless of 
their location and the most similar values of 
permeability are grouped together.  
SPE 286-PA 1962 A Statistical Reservoir-
Zonation Technique 
J.D. Testerman The paper provided a statistical reservoir-
zonation method to identify reservoir zones 
using permeability data, the zones would have 
minimum variation of permeability internally 
and maximum between two adjacent zones.  
SPE 28704 1994 Application of a New 
Scale Up Methodology to 
the Simulation of 
Displacement Processes in 
Heterogeneous Reservoirs 
L.J. Durlofsky 
W.J. Milliken 
K. Dehghani 
R.C. Jones 
The paper introduced a flow based upgridding 
technique which identifies regions of high fluid 
velocity and models these regions at a finer 
scale relative to regions of lower fluid velocity. 
SPE 29872 1995 Scaleup of Reservoir-
Model Relative 
Permeability with a Global 
Method 
D. Li 
A.S. Cullick 
L.W. Lake 
This paper developed Testerman’s idea and 
applied it to upscaling. The method provides a 
layering scheme based on permeability 
variation for a given number of layers. 
Numerical 
Grid 
Generation in 
Computational 
Field 
Simulations: 
5
th
 conference 
1998 Gridding for Petroleum 
reservoir simulation 
H.H. Soleng 
L. Holden 
The paper introduced a permeability contrast 
seeking upgridding technique. In this method 
one starts from a fine grid and a coarse grid. 
Within each coarse cell, all neighboring fine 
grid cells with permeability contrasts below a 
certain tolerance value are merged. If the 
permeability contrasts are above the tolerance 
level, then the coarse cell is split. 
SPE 74139 2000 Regional Upscaling: A 
New Method to Upscale 
Waterflooding in 
Heterogeneous Reservoirs 
for a Range of Capillary 
and Gravity Effects 
C. Coll 
A.H.Muggeridge  
X.D. Jing 
The paper introduced the concept of force maps 
which help to evaluate which areas of the 
reservoir are capillary, gravity or viscous 
dominated. From the force maps, appropriate 
PRPCs and non-uniform coarsening are applied 
to provide accurate results. 
SPE 94319 2005 Improved Upgridding 
Using Vorticity 
H. Mahani 
A.H. 
Muggeridge 
This paper introduced the concept of Vorticity 
based gridding. This method produces a coarse 
simulation grid which is more refined in areas 
of high Vorticity and coarser in areas of low 
Vorticity.  
SPE 95759 2005 Optimal Coarsening of 3D 
Reservoir Models for 
Flow Simulation 
M.J. King 
K.S. Bun 
P. Wang 
V. Muralidharan 
This paper developed an optimal layer 
coarsening method found in SPE 29872. 
Specifically, the paper uses a different measure 
of heterogeneity and illustrates an improvement 
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F.Alvarado 
X. Ma 
A. Dutta-Gupta 
in results. Non-uniform vertical coarsening is 
also used to separate pay and non-pay zones. 
SPE 116113 2008 Analytical Upgridding 
Method to Preserve 
Dynamic Flow Behavior 
S.A. Hosseini 
M. Kelkar 
The paper developed an analytical method for 
layer coarsening for single phase flow where 
the difference between the fine and coarse scale 
pressure profiles is minimized. 
SPE 151043 2012 Upgridding Under 
Multiphase Flow 
Conditions 
M. Kelkar 
M. Sharifi 
The paper introduced the first layer coarsening 
algorithm written specifically for two-phase 
flow which minimizes the difference between 
fractional flows between the fine scale and the 
coarse scale.  
Table A-3: Key milestones related to Upgridding. Shaded rows correspond to papers which have been summarized in the Critical 
Paper Analysis section. 
 
Multi-Scale Methods. Multi-scale methods are an alternative to upscaling where the pressure equation is solved on the 
coarsened grid and the transport equation is solved on the fine grid. Fine-scale properties are captured directly on the coarse 
grid without calculating effective coarse parameters from the fine grid. Due to a focus on upscaling methods in this paper, full 
critical analysis of related papers have been avoided, however a milestone table is given below: 
  
Paper No. Year Title Authors Contribution 
SPE 21247 1992 A New Approach to Flow 
Simulation in Highly 
Heterogeneous Porous 
Media 
M. Rame 
J.E. Killough 
The paper presented the first Multiscale method 
applied to reservoir engineering. The Dual grid 
Method adopted here uses an IMPES scheme to 
decouple the pressure equation from the 
transport equation. A finite-element method 
was used to solve pressure on the coarse grid. 
The coarse grid simulation was interpolated 
onto the fine grid and a finite difference scheme 
was used to solve the transport equation on the 
corresponding fine grid. 
SPE 29148 1995 Different Pressure Grids 
for reservoir Simulation in 
Heterogeneous Reservoirs 
 
 
 
 
D.R. Guerillot 
S. Verdiere 
The paper developed the dual grid approach 
originally presented in SPE 21247. In this 
paper, the pressure is estimated within each 
coarse grid-block through approximate 
boundary conditions. Specifically, 
transmissibility is upscaled to the coarse grid 
and pressure in each coarse grid block is 
subsequently calculated using the boundary 
conditions obtained from the previous step,  
Mathematics 
of 
Computation 
72, pg 541-
576 
2002 A mixed Multiscale finite 
element method for 
elliptic problems with 
oscillating coefficients 
T.Y. Hou 
X.H. Wu 
The paper introduced the first mixed Multiscale 
finite element method (MsMFEM) in the 
context of reservoir simulations for two-phase 
flow. The MsMFEM begins by creating a 
coarse grid consisting of underlying fine grids. 
Next all pairs of adjacent gridblocks are 
detected and a local flow problem is solved to 
determine basis functions. For each subsequent 
timestep, basis functions are checked to 
determine if they require re-computing. A 
coarse grid with simultaneously updated 
pressures and velocities is then constructed 
through integrating the basis functions and 
computing their interaction. Finally pressures 
and fluxes are recovered on the underling fine 
grid using the Multiscale basis functions and 
the transport equations are solved using the 
aforementioned fine-scale pressures and fluxes. 
Journal of 
Computational 
Physics 187 
2003 Multi-scale finite-volume 
method for elliptic 
problems in subsurface 
P. Jenny 
S.H. Lee 
H.A. Tchelepi 
The paper introduced the first multi-scale finite 
volume method (MsFVM) in the context of 
reservoir simulation for two-phase flow. The 
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pg 47-67 flow simulations first step in MsFVM is computation of the 
upscaled transmissibilities. Next two sets of 
basis functions are employed. The first set 
captures the small-scale heterogeneity of the 
fine grid and the second set of basis functions is 
required to construct a conservative fine-scale 
velocity field. At the next time step, the coarse 
scale is recomputed and the fine-scale velocity 
field is reconstructed in regions of interest. At 
this point the transport equations are solved. 
Finally, transmissibilities and fine-scale basis 
functions are recalculated in regions where the 
total mobility has changed. The paper also 
shows that extension to unstructured grids is 
straight forward. 
SPE 79681 2003 Dual Mesh Method in 
Upscaling 
P. Audigane 
M.J. Blunt 
This paper extended the dual mesh method 
developed in SPE 29148 to incorporate gravity 
effects and multi-well completions. 
Multiscale 
Modelling 
Simulation 3: 
pg. 699-708 
2005 Adaptive multiscale finite 
volume method for multi-
phase flow and transport 
P. Jenny 
S.H. Lee 
H.A. Tchelepi 
This paper developed the MsFVM presented in 
Journal of Computational Physics 187 pg 47-67 
to develop an adaptive sequential approach for 
multi-phase flow and transport. The authors 
employ an IMPES scheme to improve 
computational efficiency. Specifically the fine-
scale flow field is obtained using the MsFVM, 
and an explicit scheme is then used to solve the 
saturation equation on the fine-scale model.  
Journal of 
Computational 
Physics 217: 
pg.  627-641 
2006 Adaptive fully implicit 
multi-scale finite-volume 
method for multi-phase 
flow and transport in 
heterogeneous porous 
media 
P. Jenny 
S.H. Lee 
H.A. Tchelepi 
This paper recognized that the IMPES scheme 
suggested in Multiscale Modelling Simulation 
3: pg. 699-708 imposed severe restrictions on 
time steps. To overcome this issue, a 
sequentially fully implicit MsFVM algorithm 
was proposed and found to be computationally 
efficient. 
Computational 
Geosciences 
12: pg 351-
366 
2008 Multiscale Finite-Volume 
formulation for multiphase 
flow in porous media: 
Black Oil formulation of 
compressible, three phase 
flow with gravity 
S.H. Lee 
C. Wolfsteiner  
H.A. Tchelepi 
This paper extended the MsFVM presented in 
Multiscale Modelling Simulation 3: pg. 699-
708 to three phase flow and to incorporate 
gravity effects. 
Journal of 
Computational 
Physics 227: 
pg.  8604-
8621 
2008 Iterative Multiscale finite-
volume method 
H. Hajibeygi 
G. Bonfigli 
M.A. Hesse 
P. Jenny 
The paper developed the model originally 
presented in Mathematics of Computation 72, 
pg 541-576 to the iterative MsFVM (i-
MsFVM). The i-MsFVM method reduces errors 
by updating local boundary conditions with 
global information. As opposed to the MsFVM 
method, the i-MsFVM method allows 
systematic reduction in the Multiscale 
approximation. 
SPE 118993 2009 A Multiscale Mixed 
Finite-Element Solver for 
Three-Phase Black-Oil 
flow 
S. Krogstad 
K.A. Lie 
J.R. Natvig 
B. Skaflestad 
J. Aarnes 
The paper developed the MsMFEM originally 
presented in Mathematics of Computation 72, 
pg 541-576 to extend its applicability to three 
phase black-oil flow. 
SPE 119104 2009 A Multiscale Mixed Finite 
Element Method for 
Vuggy and Naturally 
Fractured Reservoirs 
A.F. Gulbransen 
V.L. hauge 
K.A. Lie 
The paper developed the MsMFEM originally 
presented in Mathematics of Computation 72, 
pg 541-576 to extend its applicability to 
incorporate single phase flow in naturally 
fractured and vuggy reservoirs. 
SPE 163669 2013 Multiscale method for M. Pal The paper developed the MsMFEM originally 
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simulation two and three 
phase flow in porous 
media 
S. Lamine 
K.A. Lie 
S. Krogstad 
presented in Mathematics of Computation 72, 
pg 541-576 to extend its applicability to 
incorporate gravity, compressibility and 
spatially dependent relative permeability and 
capillary-pressure functions for both two and 
three phase flow. 
Table A-4: Key milestones related to Multi-Scale methods. Shaded rows correspond to papers which have been summarized in the 
Critical Paper Analysis section. 
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Critical Paper Review 
 
Paper 1 (1967) 
 
SPE-1961: Simulation of Three-Dimensional, Two Phase Flow in Oil and Gas Reservoirs  
 
Authors: K.H. Coats, R.L. Nielsen, M.H. Terhune and A.G. Weber 
 
Objectives:  
 
The paper introduced and validated two new methods for three-dimensional simulation of 2-phase flow.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The paper introduced the first known application of pseudorelative permeability curves (PRPCs) for analysis of a reservoir in 
Vertical Equilibrium (VE). Despite the restriction to reservoirs in vertical equilibrium, alternative PRPCs generation methods 
were subsequently developed and are a powerful tool for upscaling multiphase flow, which occurs in EOR processes. This 
paper can be viewed as the paper which laid the foundation for subsequent PRPCs generation methods. 
 
Methodology used: 
 
Due to computer limitations at the time, a 3D model of the reservoir was constructed by combining the results of areal and 
cross sectional studies. The first method introduced in this paper, called “three-dimensional analysis”, employs a 3D 
mathematical model that treats the areal and cross sectional aspects of reservoir flow simultaneously. 
 
The second and more influential method introduced is called the “vertical equilibrium (VE) analysis”, which is applicable to 
reservoirs satisfying the VE condition. Specifically, VE occurs when gravity segregation of the two-phases is complete i.e. 
vertically the gravity and capillary forces are in balance and dominate over viscous forces. A quantitative criterion applicable 
to all points within the 3D medium is provided to determine when VE method can be used: 
 
𝜕Φ𝑛𝑤
𝜕𝑧
=
𝜕Φ𝑤𝑒
𝜕𝑧
= 0 𝑃𝑐(𝑥, 𝑦, 𝑧) = 𝑃𝑐𝑝(𝑥, 𝑦) − cos (𝛼)∫ (𝜌𝑠𝑤 − 𝜌𝑠𝑛)
𝑥
𝑜
𝑑𝑧 
 
Where, 
Subscript 𝑛𝑤 is non-wetting  Subscript 𝑤𝑒 is wetting Φ is flow potential 
𝑃𝑐𝑝 is capillary pressure at (𝑥, 𝑦) (areal) 𝜌𝑠 is specific weight 𝛼 is the dip angle 
 
Successive applications of the following equations are used to obtain pseudorelative permeability and capillary pressure for the 
wetting phase parallel to the x-z plane at any areal point: 
  
𝑆𝑤 =
∫   𝜙(𝑧)
𝑏
2
−
𝑏
2
𝑆𝑤(𝑧)𝑑𝑧
∫   𝜙(𝑧)
𝑏
2
−
𝑏
2
𝑑𝑧
 𝑘𝑟𝑤 =
∫   
𝑏
2
−
𝑏
2
𝐾𝑥𝑦(𝑧)𝑘𝑟𝑤(𝑧)𝑑𝑧
∫  𝐾𝑥𝑦(𝑧)
𝑏
2
−
𝑏
2
𝑑𝑧
 
Where, 
𝑆𝑤 is water saturation 
𝑘𝑟𝑤is relative permeability  
𝜙 is porosity 𝐾𝑥𝑦  is absolute permeability for flow 
parallel to the x-y plane 
 
Conclusions reached: 
 
1. The validity of three-dimensional analysis was indicated by experimental data whilst the validity of the VE method 
was confirmed through comparison with the more computationally expensive three-dimensional method. 
 
2. From a computational cost standpoint, the VE analysis, if applicable, should be used in preference to 3D analysis 
 
Comments: 
 
 Vertical Equilibrium methods only account for vertical discretization errors.  
 
 Method is implementable directly using ECLIPSE or through PSEUDO. 
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Paper 2 
 
SPE-4071 (1973): The Modelling of a Three-Dimensional Reservoir with a Two-
Dimensional Reservoir Simulator – The Use of Dynamic Pseudo Functions 
  
Authors: H.H. Jacks, J.E. Smith and C.C. Mattax 
 
Objectives:  
 
The paper introduced the concept of dynamic Pseudorelative permeability curves (PRPCs) derived from cross sectional 
models to simulate three-dimensional flow accurately using a two-dimensional areal model of a reservoir. The pseudo 
generation method, Jacks et al, is subsequently validated from several 2D → 1D and 3D → 2D simulations.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Dynamic PRPCs are introduced through this paper. They are a powerful tool for upscaling multiphase flow, which occurs in 
EOR processes. Prior to this paper, PRPCs only existed for the viscous and vertical-equilibrium limits.  
 
Methodology used: 
 
The pseudo generation method proposed in this paper, calculates PRPCs from transmissibility weighted relative permeabilities 
for each column of fine gridblocks. 
 
𝑘𝑟𝜌
𝑐 =
∑ (𝑇𝑓𝑘𝑟𝑝
𝑓)
𝑘𝑘
∑ (𝑇𝑓)𝑘𝑘
 
Where, 
𝑇 is transmissibility 𝑘𝑟𝑝 is relative permeability for phase 𝜌 Subscript 𝑐 is for the coarse-scale 
𝑘 is the number of fine gridblocks in 
located within the target coarse 
gridblock 
Subscript 𝑓 is for the fine-scale  
 
The validity is subsequently demonstrated by comparing results in a vertical cross-sectional model and in a 1D areal model 
using Jacks et al. method and the VE method. Further verification is provided from the close agreement in the calculated 
performance of the 3D model and the corresponding 2D areal model which represents a typical pattern on the flanks of a large 
reservoir. 
 
Conclusions reached: 
 
1. Jack’s et al. method is applicable over a wide range of conditions and has been shown to provide accurate results 
compared to the existing VE method when vertical equilibrium does not exist in the reservoir. In addition, Jack’s et al. method 
also provides substantial computational savings relative to full field 3D model. 
 
2. Dynamic PRPCs are strongly dependent on initial block saturations and on flow velocity. Correlations and techniques 
developed in this study to account for saturation and velocity effects are claimed to be applicable to other reservoirs. 
 
Comments: 
 
 SPE-54589 shows that Jack’s et al. method converges to VE PRPCs under VE equilibrium. The implication of this 
result is that Jack’s  et al. PRPCs can be used as a substitute for VE PRPCs. This unexplored possibility has the potential to 
increase accuracy as Jack’s et al. PRPCs can account for parts of the reservoir which may not be under VE whilst also 
accurately accounting for parts of the reservoir under VE. The drawback from using Jack’s PRPCs as a substitute for VE 
PRPCs is increased computational time due to the global fine grid simulation required for Jack’s et al. dynamic PRPCs. 
 
 SPE-54589 states that Jack’s et al PRPCs do not lead to negative or infinite relative permeability values which is an 
advantage over alternative dynamic PRPC generation methods. SPE-21207 and SPE-29931 show that Jack’s et al. PRPCs do 
not guarantee that the coarse grid flows of each phase are equal to the sum of the fine grid flows when the reservoir is not 
under VE. The application of Jack’s et al PRPCs to a coarse grid modelling a reservoir under such conditions may lead to a 
poor approximation of the fine grid system. 
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Paper 3 
 
SPE-4731 (1974): Pseudo-Relative Permeability for Well Modelling 
  
Authors: A.S. Emanuel and G.W. Cook 
 
Objectives:  
 
The paper extended the concept of pseudo-relative permeability curves (PRPCs) to the vertical performance of individual 
wells. The well PRPCs were applied to increase accuracy when modelling a 3-Dimensional model using areal models. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The paper provided the first application of well PRPCs, although originally introduce for a different purpose, modern literature 
has cases where application of near-well upscaling (SPE 29137) and well PRPCs (Paper[No. 21]) has significantly increased 
simulation accuracy in multiphase flow, which occurs in EOR processes. This is achieved through successful modelling of 
both the radial flow in the near-wellbore region along with the detailed physics involved in the near-wellbore region in 
multiphase flow.  
 
Methodology used: 
 
PRPCs for phase 𝑝 in an areal model can be obtained from simulating a cross sectional model, with 𝑛𝑙 layers and 𝑛𝑐 
completions, through the expected range of pressures and production, to obtain: 
 
(𝑘𝑟𝜌
𝑐) =
∑ [𝑘𝑟𝜌𝐶𝑓𝑝(𝑃𝑒 − 𝑃𝑤)]𝑖
𝑛𝑐
𝑖=1
[
∑ [𝑃𝑒𝜙𝑉]𝑖
𝑛𝑙
𝑖=1
∑ [𝜙𝑉]𝑖
𝑛𝑙
𝑖=1
− 𝑃𝑤𝐴] ∑ 𝐶𝑓𝜌𝑖
𝑛𝑐
𝑖=1
 
 
The corresponding saturation is: 
 
(𝑆𝑝
𝑐) =
∑ [𝑆𝑝𝜙𝑉]𝑖
𝑛𝑙
𝑖=1
∑ [𝜙𝑉]𝑖
𝑛𝑙
𝑖=1
 
 
Where, 
𝑃𝑤𝐴is the wellbore pressue in the areal 
model (average of 𝑃𝑤 in cross sectional 
model). 
Subscript 𝑒 is formation 𝐶𝑓 is flow coefficient, analogous to PI 
Subscript 𝑤 is wellbore 𝑃 is Pressure 
Subscript 𝑝 is phase 𝑉 is Bulk Volume 
 
Conclusions reached: 
 
1. Three cases were run on a model with both oil and gas production. The first case used fine relative permeabilities, the 
second case used pseudorelative permeabilities and the final case used pseudorelative permeabilities coupled with well pseudo 
for gas production. In almost all cases tested the use of well PRPCs substantially improved results.  
 
Comments: 
 
 [Canadian Society Paper – Insert Paper[No.]] supports the conclusions reached in this paper with regards to the 
increase in simulation accuracy as a direct consequence of application of well PRPCs. 
 
 No studies have been performed which incorporate both near-well upscaling and PRPCs. Results from such a study 
would be useful. Local Grid Refinement techniques could also be incorporated into a study for completeness along with 
Multiscale methods for modelling the near-wellbore region. 
 
 The use of well pseudos may be more process dependent than the use of LGR’s. 
 
 This method can be implemented using the PSEUDO software package 
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Paper 4 
 
SPE-5105 (1975): New Pseudo Functions to Control Numerical Dispersion 
  
Authors: J.R. Kyte and D.W. Berry 
 
Objectives:  
 
The paper further developed the concept of dynamic Pseudo-relative permeability curves (PRPCs) by introducing a new 
improved procedure, the Kyte and Berry method, for generating dynamic PRPCs. The Kyte and Berry method is then 
validated using vertical cross sections results.  
  
Contribution to the theory related to Upscaling EOR Processes: 
 
The Kyte and Berry method introduced in this paper is one of the most popular PRPCs generation methods to be developed. 
The significant contribution through this method was the ability to control numerical dispersion as well as the ability to 
account for loss of heterogeneity. In addition, the paper is the first to acknowledge that PRPCs can also be used to increase the 
size of the coarse grid blocks.  
 
Methodology used: 
 
The Kyte and Berry method calculates upscaled pressure by taking a weighted average of the centre column fine gridblocks, 
denoted by the index 𝑗, of the coarse gridblock: 
 
𝑃𝑝
𝑐 =
∑ [𝑘𝑟𝑝𝐾ℎ(𝑃𝑝
𝑓 + 𝜌𝑝
𝑓𝑔∆?̅?)]
𝑘𝑘
∑ [𝑘𝑟𝑝𝑘ℎ]𝑘𝑗
 
 
Through application of Darcy’s law, PRPCs can be calculated from: 
 
𝑘𝑟𝑝
𝑐 = −
𝜇𝑝
𝑐 ∑ (𝑞𝑝
𝑓)
𝑘𝑘
∑ (𝑇𝑓)𝑘𝑘 (∆𝑃𝑝𝑐 − 𝜌𝑝𝑐𝑔∆?̅?)
 
 
The corresponding pseudo capillary pressure is calculated from the following: 
 
𝑃𝑐𝑜𝑤
𝑐 = 𝑃𝑜
𝑐 − 𝑃𝑤
𝑐  
 
Where, 
𝑇 is transmissibility 𝑃 is pressure 𝑘𝑟𝑝 is relative permeability for phase 𝜌 
𝜇 is viscosity for phase 𝜌 𝐾is absolute permeability ℎ is thickness 
𝜌 is density 𝑔 is gravitational acceleration ∆?̅? is average  vertical elevation 
Subscript 𝑐 is coarse-scale Subscript 𝑓 is fine-scale  Subscript𝑝 is for phase 𝑝 
 
Conclusions reached: 
 
1. The Kyte and Berry method for calculating PRPCs is more widely applicable than previous approaches. Furthermore, 
the dynamic pseudo-capillary pressure transfers the effects of different flow potentials in different layers of the 2D cross-
sectional model into the areal model. 
 
2. Application of the Kyte and Berry PRBCs to increase the lengths of computing blocks used in a 2D areal model 
possess the potential to significantly increase computational efficiency.  
 
Comments: 
 
 The Kyte and Berry method can be applied using the PSEUDO software. 
 
 Paper [19] suggests that the Kyte and Berry method may lead to errors when applied to horizontal reservoir.  On the 
other hand,  Kyte and Berry PRPCs are found to be accurate when applied to dipping reservoirs whilst other methods, for 
example Stone’s method, lead to substantial errors. 
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Paper 5 
 
SPE-21207 (1991): Rigorous Black Oil Pseudo Functions 
 
Authors: H.L. Stone 
 
Objectives:  
 
The paper introduced a new method for calculating black-oil pseudorelative permeability curves (PRPCs) called Stone’s 
method. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Stone’s method, which is introduced in this paper, became a popular PRPCs generation method. Similar to the Kyte and Berry 
method, Stone’s method also has the ability to control numerical dispersion as well as the ability to account for the loss of 
heterogeneity.  
 
Methodology used: 
 
The paper begins by describing all the different types of PRPCs available at that time and explaining the difficulties and 
limitations associated with each method. Subsequently Stone’s method is introduced, for a 2D model where (1, 𝑘1) x(1, 𝑗1) 
fine grid cells correspond to a coarse grid cell, we have: 
 
𝑞𝑡
𝑐 = ∑ ∑ 𝑞𝑡
𝑓
𝑗𝑘
𝑘1
𝑘=1
𝑗1
𝑗=1
 
𝑓𝑜
𝑐 =
∑ ∑ (𝑞𝑡𝑓𝑜)
𝑓
𝑗𝑘
𝑘1
𝑘=1
𝑗1
𝑗=1
∑ ∑ 𝑞𝑡𝑓𝑗𝑘
𝑘1
𝑘=1
𝑗1
𝑗=1
 
𝜆𝑡
𝑐 =
∑ ∑ (𝑇𝑥
𝑓𝜆𝑡
𝑓)
𝑗𝑘
𝑘1
𝑘=1
𝑗1
𝑗=1
∑ ∑ 𝑞𝑡𝑓𝑗𝑘
𝑘1
𝑘=1
𝑗1
𝑗=1
 
 
Stone does not explicitly state how to calculate upscaled permeability from the upscaled mobility The Stone method is then 
evaluated against the Kyte and Berry method and is found to be more successful in several 2D comparisons. 
 
Conclusions reached: 
 
1. Stone’s method is found to be accurate over several flow rates, even for non-communicating layers where the 
viscous-gravity ratio is infinite. 
 
2. Jack’s et al. method is found to be accurate only for low viscous-gravity ratios i.e. low flow rates coupled with good 
vertical communication between the layers. 
 
3. Vertical Equilibrium (VE) shouldn’t be assumed; if VE exists then dynamic PRBCs become VE PRBCs. 
 
Comments: 
 
 Although initially promising, Stone’s method is derived using a set of inconsistent equations which can lead to 
significant errors in dipping reservoirs [SPE 35157]. However, Stone’s method has been shown to provide accurate results for 
various flow rates in horizontal reservoirs [SPE 69674].  
 
 Stone’s method can be applied using the PSEUDO software. 
 
 Stone’s method was improved in SPE 22591 to derive the total mobility method. The total mobility method neglects 
the gravity term when solving the Laplace equation, however it has been shown to be generate accurate PRPCs. However, the 
total mobility method is not available in the PSEUDO software package. 
  
 The conclusion regarding that VE should not be assumed which is made by Stone stating that VE should incorporate 
a warning. Specifically, VE PRPCs are less computationally demanding than the use of dynamic PRPCs. 
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Paper 6 
 
SPE-28704 (1994): Application of a New Scale up Methodology to the Simulation of 
Displacement Processes in heterogeneous reservoirs 
 
Authors: L.J. Durlofsky, W.J. Milliken, K. Dehghani and R.C. Jones 
 
Objectives:  
 
The paper presented and validated a new upgridding technique, flow based upgridding, for the scale up of 2D cross sections 
from a highly heterogeneous reservoir.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Upgridding is an essential part of any upscaling process, particularly for EOR projects as successful upgridding is crucial in 
capturing small scale heterogeneities which is vital in upscaling EOR projects. The method developed in this paper is applied 
to miscible gas injection, which is an EOR process. Furthermore flow based upgridding has become the most common non-
uniform coarsening technique applied in industry today. 
 
Methodology used: 
 
The flow based upgridding technique proceeds by initially identifying regions of high fluid velocity, which typically coincide 
with regions of connected, high permeability. The accurate representation of both large and small regions of high permeability 
is essential for evaluating EOR projects. These regions are then modelled at a finer scale, whilst the remainder of the domain is 
modelled at a coarser scale. 
 
The recovery processes which were upscaled and simulated to validate this technique include waterflood, steamflood and 
miscible flood recovery. The models used to simulate the recovery processes were all heterogeneous real fields.  
 
Conclusions reached: 
 
1. For all three recovery processes, the flow based upgridding technique was shown to provide coarse grids which gave 
simulation results in good agreement with the fine grid results. 
 
2. The use of fine scale relative permeabilities, rather than process dependent pseudorelative permeabilities, renders the 
overall scale up methodology largely process independent. However, the lack of pseudorelative permeabilities means that the 
methodology doesn’t offer a solution to control the effects of the numerical dispersion. 
 
3. For the steamflood case, a uniformly coarsened gridblock was shown to provide far less accuracy than the coarsened 
model developed using the flow based upgridding technique proposed in this paper. This indicates that for a given number of 
simulation blocks, the flow based upgridding technique provides a superior reservoir description than the uniformly coarsening 
technique. 
 
4. The scale up technique presented in this paper, has recently been extended to 3D systems. This gives the method wide 
applicability for full field studies. 
 
Comments: 
 
 
 The gridblock size dependency of PRPCs coupled with the need to group PRPCs in order to increase computational 
efficiency means that PRPCs and non-uniform coarsening may not be applicable together. 
 
 The common approach for upscaling two-phase flow, e.g. during a waterflood of a reservoir, is to use flow based 
coarsening in conjunction with accurate single-phase upscaling techniques. 
 
 A study into the robustness to changes in well controls and well positions for grids generated using flow based 
upgridding would be useful. 
 
 Flow Based Upscaling can be performed using FLOGRID which is fully compatible with eclipse.  
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Paper 7 
  
SPE-29127 (1995): A Renormalization-Based Upscaling Technique for WAG Floods in 
Heterogeneous Reservoirs 
 
Authors: M.A. Christie, M. Mansfield, P.R. King, J.W. Baker and I.D. Culverwell 
 
Objectives:  
 
The paper introduced a new and fast procedure for upscaling multiphase flow, which involves the use of pseudorelative 
permeability curves (PRPCs) and renormalization. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
A new upscaling methodology is presented in this paper and is applied directly to an EOR process, specifically a first contact 
miscible WAG flood. This is one of the first published attempts to upscale a WAG project.  
 
Methodology used: 
 
The upscaling technique can be broken down into three elements: 
 
1. Directional PRPCs are generated for each gridblock in the coarse grid by simulating WAG floods on the 
corresponding part of an underlying fine grid model in three directions. To ensure that flow rates in the simulations generate 
the correct PRPCs, the flow rates are as close as possible to the actual flow rates that the corresponding coarse grid block 
would experience in the full grid simulation. This is achieved through the use of a preliminary solution of the single phase 
pressure equation is made on the coarse grid for which only absolute permeability is upscaled. The pseudorelative permeability 
method used is analogous to the Kyte and Berry method however total mobility is used in place of pressure differences. 
 
2. To perform these simulations in a reasonable amount of time, a renormalisation method is used in which each 
simulation is replaced by a series of simulations on small elements of the fine grid, using pseudo-functions to carry 
information forward from one level to the next. 
 
3. To allow for fluid instabilities in unfavourable mobility ratio displacements, an empirical viscous fingering model is 
used at the fine grid level. Previous experience has shown that a renormalization scheme is unable to model viscous fingering. 
 
Conclusions reached: 
 
1. The renormalization based method works well for permeability distributions having short correlation lengths, but is 
less consistent the other cases. 
 
2. For the majority of cases, results from the renormalized based upscaling procedure agree well with the fine grid. 
However when gravity effects are strong the method is shown to not perform particularly well.  
 
Comments: 
 
 The errors in multiphase renormalization are larger than in single phase since, in addition to incorrect boundary 
conditions in pressure, multiphase flow renormalization alters the shape of the PRPCs. 
 
 The renormalization method adopted here does not address the process dependency associated with the use of PRPCs. 
 
 The coarse grid model used here has dimensions of 8 x 8 x 8, if the coarse grid model was large then the use of 
different PRPCs in each gridblock would significantly reduce computationally efficiency despite the use of the 
renormalization method. 
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Paper 8 
 
SPE-29137 (1995): Scaling-up in the Vicinity of Wells in Heterogeneous Field 
  
Authors: Y. Ding 
 
Objectives:  
 
The paper showed the need for a specific treatment for upscaling in the near wellbore region and introduced a new upscaling 
methodology for such a purpose. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The flow in the near wellbore region, which heavily influences well production, is radial whilst for the rest of the reservoir it is 
approximately linear. Therefore upscaling techniques applied the majority of the reservoir (away from the wellbore) may not 
be applicable to the near wellbore region. In EOR processes, the presence of other phases further adds to the complexity of the 
flow. This paper isn’t concerned with the handling of additional phases however it is the first paper to provide an accurate 
methodology for upscaling the near-wellbore region in the context of single phase flow. 
 
Methodology used: 
 
The author begins by arguing that the radial flow regime is more important for the prediction of production forecast, because it 
is directly related to the well. However, in most of the existing literature at that time, the author highlights the fact that the 
boundary conditions use to upscale the near wellbore region correspond to a linear flow pattern.  
 
The author shows that for radial flow in the near wellbore region, the transmissibility should be upscaled using an imposed 
well condition and a global fine-scale simulation. In addition, where previous near-well upscaling attempts have failed, it is 
also necessary to define a numerical productivity index (PI). In this paper, an equivalent numerical PI for the coarse grid is 
introduced via the following formula:  
 
𝑃𝐼𝑐 = 𝑃𝐼𝑓
(𝑃𝑓 − 𝑃𝑤)
𝑃𝑐 − 𝑃𝑤
=
𝑞
𝑃𝑐 − 𝑃𝑤
 
 
Where, 
𝑃𝐼 is productivity index 𝑃 pressure 𝑤 subscript is wellbore 
𝑐 subscript is coarse-scale 𝑓 subscript is fine-scale  
 
Conclusions reached: 
 
1. 2D Examples including two-phase and single-phase flows in varying levels of heterogeneous reservoirs show that 
conventional upscaling procedures, which do not consider the impact of the radial flow regime in the near wellbore region, 
significantly reduce the accuracy of results. The approach described in this paper is shown to significantly improve the 
accuracy of the coarse scale simulations.  
 
2. The use of classical well models such as Peaceman’s give the same results for a centred and an off centred well in the 
coarse block. The methodology described here can be applied to represent off-centre well problems, due to the improvement in 
fluid flow approximation by transmissibility modifications in the near-wellbore region. 
 
3. The upscaling of equivalent coarse scale transmissibility directly is more accurate than upscaling permeability. 
 
Comments: 
 
 The implementation of LGR’s is straight forward, furthermore LGR’s can be used as a substitute for Near-Well 
Upscaling. 
 
 No studies have been performed which incorporate both near-well upscaling and well pseudorelative permeabilities. 
Results from such a study would be useful. Local Grid Refinement techniques could also be incorporated into a study 
for completeness along with Multiscale methods for modelling the near-wellbore region. 
 
 
32 Grid Effects and Upscaling for EOR Simulation 
Paper 9 
 
SPE-29931 (1995): The Upscaling of Miscible and Immiscible Processes in Porous Media 
  
Authors: H.R. Zhang and K.S. Sorbie 
 
Objectives:  
 
The paper explores a more general upscaling technique which is applicable to both miscible and immiscible displacements and 
which can be applied in arbitrary geometries for all mobility ratios.  
 
Contribution to the theory related to Upscaling EOR Processes: 
  
Modern day studies have shown that the use of Pseudorelative permeabilities is integral in the upscaling of EOR processes. 
This paper explores a more general procedure for calculating pseudorelative permeability curves which is applicable to both 
immiscible and miscible gas injection. 
 
Methodology used: 
 
Suppose a coarse gridblock contains (𝑥2 − 𝑥1) x (𝑦2 − 𝑦1) fine gridblocks. The fractional flow of the water phase  𝑓𝑤 
(immiscible) or the solvent (miscible) in the 𝑥 direction is defined as: 
𝑓𝑤𝑥̅̅ ̅̅ =
∑  (𝑞𝑡𝑓𝑤)𝑥2𝑦
𝑦2
𝑦 = 𝑦1
∑  (𝑞𝑡)𝑥2𝑦
𝑦2
𝑦 = 𝑦1
 
Where ∑  (𝑞𝑡)𝑥2𝑦
𝑦2
𝑦 = 𝑦1
 is the sum of the fine grid flow rates 𝑞𝑡 out of the coarse grid block.  
 
The quantity 𝑞𝑡 is calculated from Darcy’s law and by using the unit mobility flow rate, 𝑞?̅?, the author derives: 
(𝑞𝑡)𝑥2𝑦 =
(𝑞?̅?)𝑥2𝑦𝜇𝑜
(𝜇𝑒)𝑥2𝑦
 
Where (𝜇𝑒)𝑥2𝑦 is the effective viscosity which is a function of 𝑆𝑤 or 𝑐 for immiscible and miscible cases respectively. 
Substituting this into 𝑓𝑤𝑥̅̅ ̅̅  equation yields the following: 
𝑓𝑤𝑥̅̅ ̅̅ =
∑  (𝑞?̅?𝑓𝑤)𝑥2𝑦/(𝜇)𝑥2𝑦(𝑆𝑤)𝑥2𝑦
𝑦2
𝑦 = 𝑦1
∑  (𝑞?̅?)𝑥2𝑦/(𝜇)𝑥2𝑦(𝑆𝑤)𝑥2𝑦
𝑦2
𝑦 = 𝑦1
 
 
The average total pseudo-mobility, 𝜆𝑡𝑥̅̅ ̅̅  is calculated using a transmissibility weighted average. With these equations, the 
pseudorelative permeability in the x-direction is: 
𝑘𝑟𝑤𝑥̅̅ ̅̅ ̅̅ = 𝑓𝑤𝑥̅̅ ̅̅ 𝜇𝑤𝜆𝑡𝑥̅̅ ̅̅   
 
The method has been validated numerically by simulating certain immiscible and miscible displacements for adverse mobility 
ratios in a five-spot pattern on both the fine and coarse 2D grid. 
 
Conclusions reached: 
 
1. The widely used traditional Pseudorelative permeability methods such as Jacks et al and Kyte and Berry make 
assumptions which leads to incorrect results in some cases. 
 
2. For the unstable miscible and immiscible five-spot displacements simulated in this paper, the coarse grid simulation 
reproduces the fine grid results with good accuracy.  
 
3. The method appears to be applicable to quite complex geometries.  
 
4. Making the assumption of the unit-mobility ratio does not result in severe accuracy losses. 
 
Comments: 
 
 There is no existing software which implements this method using the ECLIPSE software package. 
     
 The new upscaling methodology introduced through this paper seems to be easily extended for three-dimensional 
three-phase calculations.  
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Paper 10 
 
SPE-35157 (1996): Evaluation of Dynamic Pseudofunctions for Reservoir Simulation 
 
Authors: R.E. Guzman, D. Giordano, F.J. Fayers, A. Godi and K. Aziz 
 
Objectives:  
 
The paper performed a detailed investigation into the reliability of dynamic pseudorelative permeability curves (PRPCs) when 
applied for multiphase upscaling.  
   
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves the accuracy in simulations for multiphase flow, which occurs in EOR processes. This paper 
was the first paper to review and compare existing techniques and subsequently provide guidance on which conditions each 
PRPC generation method can be used to provide reliable results. 
 
Methodology used: 
 
The paper begins with a general discussion on multiphase upscaling and describes the advantages and limitations of several 
techniques at the time. A theoretical study followed by a real field application is then used to evaluate the Kyte and Berry 
Method, Stone Method and Flux-Weighted method.  
 
The methods are tested on an upwards titled cross-sectional model and on a real field where PRPCs are generated from a 2D 
vertical cross section and applied to the 3D model consisting of one injector and one producer. An investigation into the use of 
directionally dependent pseudorelative permeabilities is also performed. 
 
Conclusions reached: 
 
1. The errors in multiphase renormalization are larger than in single phase since, in addition to incorrect boundary 
conditions in pressure, multiphase flow renormalization imposes incorrect boundary conditions for fractional flow. 
 
2. For flow based upscaling, errors accumulate due to the application of artificial boundary conditions.  In the case of 
multi-phase upscaling, additional errors are introduced due to the lack of upscaling of multiphase flow parameters.  
 
3. A detailed analytic analysis of Stone’s PRPC generation method reveals that the method is not consistent when 
gravity and capillary pressures are included. 
 
4. ECLIPSE requires monotonic and positive PRPCs with values less than one. Therefore PRPCs generated using 
dynamic methods require an alteration before application to simulations which may introduce errors into the results. 
 
5. Improvement in coarse grid results, when compared to fine-grid results, where observed when directionally 
dependent PRPCs were used. 
 
6. An improved method for calculating vertical pseudofunctions is needed to capture gravity segregation. 
 
7. PRPCs with values greater than one, less than zero or with non-monotonic behaviour do not condemn a method. 
Acceptable solutions were obtained for the FWP method with negative non-monotonic values. However, such PRPCs are 
expected to not be robust to changes in flow conditions.  
 
Comments: 
 
 The paper does not include transmissibility-weighted PRPCs which were introduced through SPE 51841. However, 
the transmissibility-weighted PRPCs might be suitable for calculating vertical PRPCs which in theory should capture gravity 
segregation. 
 
 The paper discusses streamline methods for PRPCs and states significant improvements in accuracy are achieved 
with this method.  However, at the time, streamline theory was not fully developed. Streamlines can now incorporate three 
phase flow, gravity and capillary effects, an investigation into the use of modern streamlines to generate PRPCs could be 
fruitful.  
 
34 Grid Effects and Upscaling for EOR Simulation 
Paper 11 
  
SPE-35491 (1997): A Critical Review of the Use of Pseudorelative permeabilities for 
Upscaling 
 
Authors: John W. Barker and Sylvain Thibeau 
 
Objectives:  
 
The paper summarized the properties and limitations of several dynamic pseudorelative permeability curve (PRPCs) 
generation methods. Difficulties which are inherent to all PRPC generation methods are isolated and discussed.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves the accuracy in simulations for multiphase flow, which occurs in EOR processes. By 
reviewing the existing techniques, the paper provides guidance for which conditions each PRPCs method provides reliable 
results for. This paper included more PRPCs generation methods than previous comparison studies have incorporated. 
 
Methodology used: 
 
The paper unites the findings of several studies to produce a comprehensive review of the use of PRPCs. The techniques 
considered in detail include the Kyte and Berry method, Pore Volume Weighted method, Stone’s method, Total Mobility 
method, Quasisteady-State method and Weighted-Relative permeability method. 
 
Conclusions reached: 
 
1. Several difficulties common to all methods are documented, specifically choosing the number and locations of the 
coarse-grid rock types and the lack of robustness to well rate and well position of PRPCs.  
 
2. The popular Kyte and Berry method may lead to negative PRPCs if the net flow of a phase is in the opposite direction 
to the average pressure gradient. An infinite PRPC value is obtained if there is a non-zero net flow when the average pressure 
gradient is zero.  
 
3. The Kyte and Berry method can produce two or three different pseudocapillary pressures. Alternatively, the use of the 
pore-volume-weighted method leads to one pseudocapillary pressure and is recommended for this purpose.  
 
4. Stone’s method assumes that capillary pressure and gravity can be neglected. Hence in cases with significant gravity, 
significant capillary pressure or with significant variations in total mobility, Stone’s method provides poor results.  
 
5. The Total Mobility method is an improvement of Stone’s method. It avoids infinite values and negative values are 
less frequent than in Kyte and Berry method and pore volume weighted method. Errors are introduced due to neglecting the 
gravity term when solving the Laplace equation.  
 
6. The Quasisteady-State method produces unreliable results in viscous-dominated cases. The method is only reliable 
when saturation fronts are smoothed out by capillary forces.  
 
7. The weighted relative permeability method is consistent with the Coarse-grid Darcy equations only under restricted 
conditions and in addition it neglects the coarse grid gravity term.  
 
Comments: 
 
 It is disappointing that no simulations were run to verify the claims made in this paper. In addition, several issues 
were highlighted in the paper however with no attempt to mitigate these issues.  
 
 The paper does not include transmissibility-weighted PRPCs which were introduced through SPE 51841. 
Furthermore results from SPE 22591 suggest the paper may have been too quick to dismiss the total mobility method. This is 
an example of where computer simulations to verify their claims would have been advantageous. 
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Paper 12 
 
SPE-38744 (1997): Efficient Upscaling from Cores to Simulation Models 
  
Authors: A. Kumar, C.L. Farmer, G.R. Jerauld and D. Li 
 
Objectives:  
 
The objective of the paper is threefold: 
1. Provide an overview of both simulation model building and Hierarchical modelling 
2. Assess the effectiveness of different upgridding techniques 
3. Introduce a computationally efficient upscaling method for upscaling relative permeability which is robust to changes 
in well controls and well position. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of pseudorelative permeability curves (PRBCs) improves the accuracy in simulations for multiphase flow, which 
occurs in EOR processes. A new method is introduced in this paper which accounts for the rate dependency of PRBCs. In 
addition upgridding techniques, which help to capture small scale heterogeneities which can be essential in upscaling EOR 
projects, are discussed and compared in this paper. 
  
Methodology used: 
 
The paper begins with a summary of the various upscaling and upgridding techniques which are to be used in the study. 
Subsequently, an outline of how to apply the new 𝑎?̃? interpolator method for upscaling relative permeability is provided: 
1. Calculate the capillary (𝑘𝑟𝑤
𝑐𝑎𝑝) and viscous (𝑘𝑟𝑤
𝑣𝑖𝑠) limit pseudorelative permeability curves for a given coarse 
gridblock with capillary number 𝐶𝑎 and flow rate 𝑞. 
2. Calculate the capillary-number dependent curves for flow rates 𝑞1 (low capillary number), 𝑞2 (high capillary number) 
and for 𝑞 ∈ (𝑞1, 𝑞2) (defined previously). Then define the 𝑎?̃? function as follows: 
𝑎?̃?(𝑆𝑤 , 𝑞) =
𝑘𝑟?̃?(𝑆𝑤 , 𝑞) − 𝑘𝑟?̃?(𝑆𝑤 , 𝑞1)
𝑘𝑟?̃?(𝑆𝑤 , 𝑞2) − 𝑘𝑟?̃?(𝑆𝑤 , 𝑞1)
 
3. Calculate the water relative permeability using the following equation: 
𝑘𝑟𝑤 = 𝑘𝑟𝑤
𝑐 (1 − 𝑎?̃?) + 𝑘𝑟𝑤
𝑣 𝑎?̃? 
4. Repeat the above steps for 𝑘𝑟𝑜 and 𝑃𝑐 
5. Repeat the above steps for other coarse gridblocks.  
 
Several different upscaling and upgridding methodologies were then tested on various 2D and 3D datasets.  
 
Conclusions reached: 
 
1. The flow based and variability-based upgridding methods retain more structural and non-structural information of the 
original fine-grid permeability field than the conventional uniform upgridding methods.  
 
2. Non-uniform coarsening coupled with local grid refinement further improves accuracy of coarse grid simulations. 
 
3. The 𝑎?̃? interpolator method provided a physically based, robust and inexpensive method to upscale relative 
permeability. For the cases that were tested, the upscaled relative permeability curves were monotonic. However, the author 
acknowledges further testing is required.  
 
Conclusions reached: 
 
 No further references exist in the literature of this method; it would be interesting to know if the authors encountered 
any difficulties using the method. The interpolation of the PRPCs between the viscous and capillary limits requires further 
testing and verification. 
 
 A more detailed comparison between the use of LGR, near-well upscaling and well PRPCs would be useful. 
 
 There is no discussion made by the authors on the effect on upscaling errors from grouping the PRPCs in order to 
increase computational efficiency. 
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Paper 13 
 
Numerical Grid Generation in Computational Field Simulations (1997): Gridding for 
Petroleum Reservoir Simulation 
 
Authors: H.H. Soleng and L. Holden 
 
Objectives:  
 
The paper investigated and developed two upgridding methods which are implemented using industry-standard flow 
simulators.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Upgridding is an essential part of any upscaling process, particularly for EOR projects as successful upgridding is crucial in 
capturing small scale heterogeneities which can be vital in upscaling EOR projects. Two methods are developed in this paper, 
which possess the potential to be directly applicable to EOR projects.  
 
Methodology used: 
 
Two existing upgridding methodologies were tested on 2D and 3D sector models. The first method, elastic upgridding, is 
where the grid is considered to be a system of springs connected to grid vertices located on the grid lines. The second method, 
called permeability contrast seeking upgridding, is initialized with a fine grid and a coarse grid. Within each coarse cell, all 
neighbouring fine cells with contrasts in permeability below a user defined tolerance value are merged. For each group of 
merged cells, the permeability is calculated using standard analytic averaging techniques. However, such areas are fairly 
homogeneous regions; hence the average value is a valid representation. If permeability contrasts are above the tolerance level, 
then the coarse cell is split in half and this process iterates until all contrasts in permeability are below the tolerance level. 
Convergence is ensured by bounding gridblock sizes above and below by coarse grid and fine grid cell size respectively.  
 
The author makes considerations for both the loss of precision due to upscaling of geological data from the fine grid to the 
coarser computational grid and also the additional numerical errors which are introduced by a non-regular computational grid.  
  
Conclusions reached: 
 
1. The use of elastic upgridding in 2D allowed the grid to adapt well to geological structures. However the author’s 
attempt to extend the method to 3-Dimensions failed. The stated reason for failure is that the relationship between springs and 
cells is more complicated in 3D compared to 2D. 
 
2. The permeability contrast seeking upgridding method has been shown to work as effectively in 3D as found in 2D. 
There is a tendency for finer coarsening in the direction that is coarsened first. This can be utilized to ensure that the grid is 
aligned in the main direction of flow.  
 
3. The gain of having a computational grid that is well adapted to the geology outweighs the loss of numerical accuracy 
by the non-uniformity of the grid. 
 
4. Author suggests that the direct use of the fine grid and coarsening in homogeneous areas within the fine grid could 
result in better results. However computational efficiency may be compromised.   
 
Comments: 
 
 No future progress has been made regarding the elastic upgridding method. It would be useful to know if the authors 
made any progress or the exact reason for the lack of progress. 
 
 This method can be implemented using FLOGRID which is fully compatible with ECLIPSE. 
 
 Further discussion of the additional numerical errors which are introduced by a non-regular computational grid would 
be useful. Moreover, a study investigating these additional errors would provide valuable insight.  
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Paper 14 
 
SPE-54589 (1999): Evaluation of Pseudo Functions 
 
Authors: H. Cao and K.Aziz 
 
Objectives:  
 
The paper determined the range of validity of different pseudorelative permeability curves (PRPCs) for upscaling multiphase 
flow with different gravity and capillary numbers.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves the accuracy in simulations for multiphase flow, which is inherent to EOR processes. By 
reviewing the existing techniques, the paper provides advice for which conditions each PRPCs method is suitable for. 
 
Methodology used: 
 
The performance of different PRPCs is evaluated under different gravity numbers, capillary numbers and upscaling levels.  
The techniques considered in this study include Jacks et al, Kyte and Berry method, Pore Volume Weighted method, Flux 
Weighted potential method, Total mobility method and Streamline method.  
 
Conclusions reached: 
 
1. When viscous forces dominate, using pseudo functions can always improve results given that no flow reversal occurs. 
 
2. For the z-direction, Jacks et al. pseudo function is recommended as the method does not rely on flow direction, it also 
converges to the Vertical Equilibrium pseudo functions under high gravity and capillary forces and finally it is also suitable for 
intermediate cases.  
 
3. Most methods provide an inappropriately shaped pseudo capillary pressure curve. However, the pore volume 
weighted method is recommended as it can always produce a reasonable pseudo capillary pressure curve. 
 
4. Only Jacks et al. method works well in the horizontal directions for highly heterogeneous reservoirs. Highly 
heterogeneous reservoirs have flow reversals associated with them; no other method considered in this study is able to negate 
flow reversal. 
 
5. Limitations in his study include the fact that pseudo curves are monotonic which may have altered the real 
performance of pseudo functions. A single averaged pseudorelative permeability curve was used to describe the entire model, 
this assumption may be unrealistic. Finally, uniform scaling was also applied; perhaps non-uniform scaling coupled with 
multiple pseudorelative permeability curves would provide more accurate results. 
 
Comments 
 
 The paper does not include transmissibility-weighted PRPCs which were introduced through SPE 51841. However, 
the transmissibility-weighted PRPCs might be suitable for calculating vertical PRPCs as in theory it should capture gravity 
segregation. 
 
 It is disappointing to see that the authors do not attempt to deal with the negative and infinite PRPCs which may 
develop in heterogeneous reservoirs. 
 
 An investigation into how the averaging of non-monotonic PRPCs affects results would be interesting.  
 
 The paper discusses streamline methods for PRPCs and states significant improvements in accuracy are achieved 
with this method.  However, at the time, streamlines were not fully developed. Streamlines can now incorporate three phase 
flow, gravity and capillary effects, an investigation into the use of modern streamlines to generate PRPCs could be fruitful.  
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Paper 15 
 
SPE 51841 (1999): The Development of Pseudo Functions for Gravity-Dominated 
Immiscible Gas Displacements 
 
Authors: N.H. Darman, G.E. Pickup and K.S. Sorbie 
 
Objectives:  
 
The paper’s objectives are three-fold: 
1. A new dynamic pseudorelative permeability curve (PRPC) generation method (TPW) designed for immiscible gas 
injection is introduced and validated through comparisons with existing PRPCs in such displacements. 
2. An investigation into which conditions the TPW method performs better than alternative approaches is conducted. 
3. A new 2D to 2D non-uniform coarsening scheme is introduced and tested. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves the accuracy in simulations for multiphase flow, which occurs in EOR processes. The paper 
directly contributed knowledge to the field by introducing Transmissibility Potential Weighted (TPW) PRPCs, which are the 
first PRPCs designed for application in the presence of high gravitational forces. In addition, upgridding is also an essential 
part of upscaling an EOR project and the paper introduces a new variability based coarsening scheme. 
  
Methodology used: 
 
The TPW method is derived using the same approach as the Kyte and Berry and Pore Volume Weighted method, except that 
the average potential difference is calculated directly from individual fine-scale potential differences as opposed to averaging 
the potentials and then taking the difference. In addition, the upscaled potential difference is weighted by transmissibility i.e. 
∆Φ𝑝
𝑐 =
∑ 𝑇𝑥∆Φ𝑝
𝑓
𝑗
∑ 𝑇𝑥𝑗
 
 
The performance of the Kyte and Berry method, Stone method, TPW and VE is evaluated under different conditions, 
including crossflow between layers, presence of barriers to flow, dipped reservoirs, various Kv/Kh values and different 
capillary and gravity numbers. The results showed that the Kyte and Berry method produced larger errors compared to Stone 
method in horizontal systems and vice versa in dipping systems. In all cases, the VE approach was the least acceptable and the 
TPW method performs equally well or far better than the other methods.  
 
The upgridding scheme introduced in this paper reduces error in calculating the pseudofunctions by grouping together fine 
grid layers or regions according to the variation in gas saturation. This method was tested on a 2D grid. 
 
Conclusions reached: 
 
1. Most of the difference between the Kyte and Berry method and the TPW method is caused by the use of different 
weighting factors. Analysis showed that the relative permeability weighting used in Kyte and Berry causes significant errors. 
 
2. As long as the fine grid is accurately reproducing the physical system, which may be viscous, gravity a flow regime 
where all forces are significant, then the TPW method provides accurate answers. 
 
3. The error in applying the TPW method in a grid coarsening scheme can be reduced if separate regions or layers are 
defined within which the variability in gas saturation is as low as possible.  
 
Comments: 
 
 The TPW method is a relatively new method of generating PRPCs compared to alternative methods. The method was 
also proposed at a time when the use of PRPCs was replaced through specialized gridding techniques e.g. flow based 
coarsening (SPE 28704). Hence there is little documentation about application of this method to cases. Further investigation of 
applicability of the method to three-phase flow would be an interesting test. 
 
 The method is not included in the PSEUDO software which poses difficulties in the implementation of the method. 
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Paper 16 
 
SPE-61855 (1999): Scaleup in the Near-Well Region 
 
Authors: L.J. Durlofsky, W.J. Milliken and A.Bernath 
 
Objectives:  
 
The objective of the paper was to present a general method for computing accurate coarse scale wellblock transmissibilities 
and well indexes for vertical wells. Simulations were then performed on several 2D and 3D models in order to test the benefits 
of this method.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The paper developed the method proposed by Ding in SPE-29137 to derive a more computationally efficient method for near-
well upscaling which can be applied to upscale EOR processes to obtain more reliable coarse-grid results. 
 
Methodology used: 
 
There are two key differences between the approach described in this paper and previous near-well upscaling approaches. 
Previously, a completely local problem was solved by contrast the new method encompasses additional fine gridblocks 
corresponding to coarse gridblocks surrounding the target coarse gridblock. The second difference is in previous approaches, 
the flow imposed on the grid region is typically a general linear pressure field. In the new method, the flow field is driven by a 
line source i.e. by an actual well.  
 
A comparison is subsequently made between the fine grid and the new upscaling methodology. A single-phase, incompressible 
heterogeneous 2D system along with several 3D models encompassing both natural depletion and water-injection were used 
for this study.  
 
Conclusions reached: 
 
1. The new method provides accurate transmissibilities and well indices for well-driven flow in coarse scale models as 
shown through extensive single phase incompressible flow examples and two-phase flow examples.  
 
2. Modest improvement was observed for cases where the well intersected areal cross sections in which the permeability 
field displayed modest to small variance or large correlation lengths. 
 
3. As currently implemented, the method does have the limitation of not upscaling relative permeabilities. This limits 
the current method to moderate degrees of coarsening for multiphase flow problems.  
 
4. The method has also been successfully extended to handle horizontal wells. For this problem, enhanced accuracy was 
achieved by extending the local solution region radially and in addition, including the entire well in the local solution domain.  
 
Comments: 
 
 No studies have been performed which incorporate both near-well upscaling along with well pseudorelative 
permeabilities. Results from such a study would be useful, furthermore Local Grid Refinement techniques could also be 
incorporated into a study for completeness along with Multiscale methods for modelling the near-wellbore region. 
 
 A comparison between the extended local near-well upscaling method introduced in this paper and the global method 
introduced by Ding in SPE-29137 would have been an interesting study. 
 
 [Check] Implementation of this method using ECLIPSE 
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Paper 17 
 
SPE-74139 (2000): Regional Upscaling: A New Method to Upscale Waterflooding in 
Heterogeneous Reservoirs for a Range of Capillary and Gravity Effects 
 
Authors: C. Coll, A.H. Muggeridge and X.D. Jing 
 
Objectives:  
 
The paper introduced and subsequently validated a new two-phase upscaling methodology referred to as regional upscaling. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
A new methodology using upgridding and pseudorelative permeability curves (PRPCs) is introduced in this paper. Although 
applied to upscale a waterflooding project, ideas for upscaling methodologies EOR projects could be obtained from this paper. 
The paper also introduces a new methodology for grouping PRPCs which an issue inherent to all PRPC generation methods. 
  
Methodology used: 
 
The paper begins by testing the accuracy of several dynamic PRPCs as a function of heterogeneity, specifically small scale 
heterogeneity models are used, along with different force regimes. 
 
In heterogeneous reservoirs, flow rate varies with permeability, so different flow regimes exist in different parts of the 
reservoir. Three local dimensionless numbers are used to evaluate these local flow regimes: 
𝐶𝑎𝑝𝑎𝑟 =
[𝑘𝑥(𝑑𝑃𝑐/𝑑𝑆𝑤)𝑘𝑟𝑤
𝑒 ]
𝑢𝑇𝐿𝜇𝑤
                                      𝐶𝑎𝑝𝑒𝑟𝑝 = 𝐶𝐴𝑃𝑎𝑟 (
𝐿
ℎ
)√
𝑘𝑧
𝑘𝑥
                                         𝐺𝑛 =
𝐾𝑥𝜆
𝑒
𝑟0∆𝜌𝑔cos (𝛼)
𝑈𝑇
𝐿
𝐻
 
Where,  
𝑘𝑥 is absolute permeability (x-direction) 𝐾𝑧 is absolute permeability (z-direction) 𝑈𝑇 is Total fluid velocity 
𝑘𝑟𝑤
𝑒  is endpoint water 𝑘𝑟 𝐿 is fine gridblock length 𝜆
𝑒
𝑟0  end point mobility (oil phase) 
𝑢𝑇 is total velocity (x-direction) ℎ is fine gridblock thickness 𝛼 is dip angle 
 
𝑁𝑃𝑐𝑣𝑙 and 𝑁𝑃𝑐𝑣𝑡 discriminate between dispersion due to capillary effects respectively in the principal flow direction and 
perpendicular to the principal flow direction. Several inequalities are then derived to determine when flow is gravity, capillary, 
transverse-capillary or transverse-gravity dominated. The inequalities require two cut-offs obtained from numerical 
experiments investigating flow in simple homogeneous models. Using the derived inequalities, capillary-viscous and gravity-
viscous force maps can be constructed. Individually, each force map selects a grid which respects the boundaries between the 
flow regimes. The two grids are then overlaid (non-uniformly) to form the coarse grid.  VE PRPCs were applied to gravity or 
capillary-gravity dominated areas whilst Kyte and Berry PRPCs were applied elsewhere.  
 
Conclusions reached: 
 
1. Stone’s method is generally the worst, especially for gravity and capillary dominated cases. The weighted pore 
volume method is the best given the model doesn’t contain any fine laminations in the flow direction, followed by the Kyte 
and Berry method which struggled with handling bioturbation i.e. large permeability contrasts.  
 
2. The “regional” method outperformed the Kyte and Berry method. The regional method is accurate but time 
consuming, however non-zero or infinite PRPCs associated with typical pseudos are avoided since these are usually caused by 
capillary or gravity effects – the regional method replaces the dynamic pseudos with capillary-gravity or gravity pseudos.  
  
3. The flow regime determined from global dimensionless numbers may not actually be the dominant flow regime in the 
reservoir. Instead the use of local dimensionless numbers to evaluate flow regimes is more accurate.  
 
Comments: 
 
 Local dimensionless numbers can be extended for application in three phase flow. The results from this paper suggest 
their usage is far more accurate than the use of global dimensionless numbers. 
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Paper 18 
 
Computational Geosciences 6 (2002): A Comparison of two-phase dynamic upscaling 
methods based on fluid potentials 
 
Authors: N.H. Darman, G.E. Pickup and K.S. Sorbie 
 
Objectives:  
 
The paper analysed the equations used to derive dynamic pseudorelative permeability curves (PRPCs) and investigated the 
effects of gas displacing oil to gain new insight into the use of PRPCs for upscaling. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves the accuracy of simulations for multiphase flow, which is inherent to EOR processes. By 
reviewing the existing techniques, the paper provides advice for which conditions each PRPCs method is suitable for. In 
contrast to previous studies, the paper also investigates how significant the need to preserve fractional flow and the need to 
preserve fluid mobility and the pressure distribution is. 
   
Methodology used: 
 
The performance of the Kyte and Berry method, Stone’s method, Transmissibility pore weighted (TPW) and Hewett and 
Archer (HA) method is evaluated analytically and using simulations under different conditions. The first set of tests was 
designed to investigate the need to preserve fractional flow in the coarse grid model in order to reproduce the fine grid 
performance. This was tested using a cross sectional horizontal model and a dipping model with incompressible and 
immiscible fluids. 
 
Subsequently, the two models which performed best in the first series of tests were used in a test to investigate whether the 
different models preserve the fine-grid fluid mobility and pressure distribution in the coarse grid models. This test was 
performed using a vertical cross sectional horizontal model and a five spot model. 
 
Conclusions reached: 
 
1. For purely horizontal methods with negligible capillary pressure the Stone, TPW and HA methods lead to the correct 
fractional flows and identical answers as they obey ΔΦo̅̅ ̅̅ ̅̅ = ΔΦg̅̅ ̅̅ ̅̅  where Φ is the phase potential. The Kyte and Berry method 
may result in different answers since the use of 𝑘𝑟𝑗 as the weighting function will generally lead to ΔΦo̅̅ ̅̅ ̅̅ ≠ ΔΦg̅̅ ̅̅ ̅̅ . 
 
2. For dipping models, the ∆𝜌𝑔∆ℎ̅̅̅̅   term can no longer be ignored i.e. ΔΦo̅̅ ̅̅ ̅̅ ≠ ΔΦg̅̅ ̅̅ ̅̅ . For this case TPW an HA methods 
gave very accurate solutions, whilst The Kyte and Berry method was provided comparable solutions to these two methods. 
However Stone’s method was very poor due its neglect of gravity i.e. assuming ΔΦo̅̅ ̅̅ ̅̅ = ΔΦg̅̅ ̅̅ ̅̅ . 
 
3. The HA and TPW methods performed best and were carried forward into the next phase of the study. The two 
methods provide different potential drops and therefore different pseudo-motilities, however these effects cancel to give the 
same fluid flow rates. Hence the tests used in this study cannot differentiate between the HA and TPW methods. 
 
4. The author considers a method which reproduces the fractional flow, and which approximatea ∆Φ̅̅ ̅̅  within a tolerable 
limit as a good PRPCs generation method.  
 
5. In a 3D → 3D or 3D → 2D upscaling, the author shows that as long as the required PRPCs are calculated 
independently in each of the coarse-grid dimension they will guarantee the exact reproduction of the fine grid results in the 
coarse grid models.  
 
Comments: 
 
 Neither the TW or the HA method is available through the use of the PSEUDO program. 
 
 A similar study on the need to preserve fractional flow and the need to preserve the fine-grid fluid mobility and 
pressure distribution in the coarse grid models applied to three phase flow would provide valuable insight. 
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Paper 19 
 
7
th
 International Forum on Reservoir Simulation, Germany (2003): Upscaling of 
Geocellular Models for reservoir Flow Simulation: A Review of Recent Progress 
 
Authors: L.J. Durlofsky 
 
Objectives:  
 
The paper summarized the various single phase upscaling techniques and performed coarse scale simulations to demonstrate 
the levels of accuracy attainable using the various approaches.  
  
Contribution to the theory related to Upscaling EOR Processes: 
 
It is important to appreciate that accurate single phase upscaling is essential for accurate multiphase phase upscaling. Given 
multiphase flow occurs in EOR displacements, accurate single phase upscaling is necessary for accurate EOR simulations. The 
paper summarizes and evaluates the capabilities of the existing absolute permeability upscaling methods.  
    
Methodology used: 
 
The paper begins with a discussion of Local, extended local, global and quasi global techniques for the calculation of 
equivalent permeability and transmissibility. Subsequently the influence of near-well upscaling is discussed followed by a 
discussion of flow based grid generation techniques. Finally, coarse scale simulations results are generated using the 
aforementioned upscaling techniques and the results are analysed to illustrate the capabilities of each technique.  
 
Conclusions reached: 
 
1. In many cases it is possible to develop accurate coarse-scale models for two-phase flow through accurate single phase 
upscaling coupled with flow based upgridding. However as the degree of coarsening becomes high, multi-phase upscaling will 
be required in order to achieve reliable results.  
 
2. Renormalization techniques and power averaging techniques are very efficient however they lack generality 
compared to the numerical methods. Numerical techniques require the solution of the fine scale pressure equation over the 
target coarse block; numerical techniques are more robust and accurate than the aforementioned techniques.  
 
3. It is not clear whether linear, periodic, no flow or open boundary conditions provide the most accurate upscaled 
permeability distribution. It is most likely that the choice of method is case dependent. However, periodic boundary conditions 
were shown to be the most reliable in a recent comparative study conducted by G.E. Pickup. 
 
4. The use of additional fine gridblocks around the target coarse gridblocks in extended local upscaling helps capture 
large scale permeability connectivity. Furthermore, the effect of imposing boundary conditions is reduced when border regions 
are used. However, a significant improvement was not observed in the tested cases. 
 
5. Upscaling transmissibility generally provides more accurate estimates than permeability as it eliminates the additional 
approximation that result when transmissibility is calculated from the grid block. In the tested cases, this was observed. 
 
6. Global upscaling methods provide very accurate results for a given set of wells and boundary conditions however the 
model may lack robustness with respect to other boundary conditions or well arrangements. Local-Global methods, see SPE-
92965, use global coarse scale simulations to estimate boundary conditions in the calculation of transmissibility. Local-Global 
methods are more accurate than local methods and faster than global methods as verified by the test results.  
   
7. In heterogeneous reservoirs, near well upscaling significantly improves simulation accuracy. 
 
Comments: 
 
 In the view of the author, the local-global methods are strike the best balance between accuracy and computationally 
efficiency for single-phase upscaling, in particular the RALG method introduced in SPE-92965. 
 
  For single-phase upscaling methods which impose boundary conditions e.g. no flow, periodic or linear, it is clear that 
these methods are case dependent and will always require reconciliation with the fine grid results.  
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Paper 20 
 
Canadian Petroleum Society – 2004/022 (2004): Scaling-Up Fine Grid Models Using 
Pseudo Functions in Heterogeneous Porous Media 
 
Authors: Y. Azoug and Di. Tiab 
  
Objectives:  
 
The paper developed a general methodology for using pseudorelative permeability curves (PRPCs) for upscaling multiphase 
flow in 3D anisotropic heterogeneous reservoirs with different capillary numbers and gravity numbers. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Application of PRPCs improves accuracy in simulations for multiphase flow, which occurs in EOR processes. By reviewing 
the existing techniques, the paper provides advice for which conditions each PRPCs method is suitable for. This is the first 
PRPCs comparison paper to incorporate Well PRPCs and the transmissibility-weighted PRPCs into the study. 
  
Methodology used: 
 
The performance of the Kyte and Berry method, Pore Volume Weighted, Transmissibility Pore Weighted method (TPW) and 
Stone method are evaluated in homogeneous five spot patterns in the cases of capillary-dominated cross flow, capillary-gravity 
equilibrium, gravity-dominated cross flow and viscous-dominated cross flow. In addition, a sector of an existing 
heterogeneous field with a five spot pattern is also evaluated using these methods. 
 
A comparison of the use of local grid refinement and well PRPCs is performed using numerical simulations. In addition, the 
potential increased accuracy of results using directional PRPCs is also investigated. Assumptions made in the study include the 
use of reversible PRPCs, i.e. same in the positive and negative directions. In addition, in this study one PRPCs is used for all 
the coarse grid blocks, since only a small region is considered.   
 
Conclusions reached: 
 
1. The pore volume weighted method always produces a reasonably shaped Pseudocapillary pressure curve and 
accordingly is used for all methods in this study. 
 
2. Non-monotonic PRPCs are perfectly legitimate however the ECLIPSE software requires monotonic software in order 
to ensure hence it applies a smoothing algorithm to the PRPCs. This process leads to a loss of information from the PRPCs and 
can lead to erroneous results. 
 
3. All PRPCs generation methods succeeded in reproducing the fine grid water cut and oil production plateau for 
capillary-dominated and viscous-dominated, however for gravity-dominated they failed to match the fine-grid exactly.  
 
4. Overall, the transmissibility pore weighted (TPW) PRPCs gives the best performance. 
 
5. The use of well PRPCs is helpful in handling well locations and gave better performance than local grid refinement in 
the homogeneous cases. No comparison was made in the heterogeneous case.   
 
6. Directional Pseudofunctions significantly improved the performance of the upscaling process.  
 
Comments: 
 
 A further more detailed investigation on whether to use well PRPCs or local-grid refinement needs to be performed. 
Furthermore, the integrating near-well upscaling into such a study would provide useful information. 
 
 The paper supports claims made in SPE 51841, specifically that the most accurate PRPC generation method is the 
transmissibility pore weighted (TPW) method.  
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Paper 21 
 
SPE-92965 (2005): Efficient 3D Implementation of Local-Global Upscaling for Reservoir 
Simulation 
 
Authors: Xian-Huan Wen, Yuguang Chen and Louis J. Durlofsky 
 
Objectives:  
 
The paper extended the Adaptive Local-Global (ALG) upscaling method to 3D systems and developed the Reduced Adaptive 
Local-Global (RALG) method to reduce the computational demands of the upscaling method. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
Accurate upscaling of absolute permeability is essential for accurate multiphase flow simulations, which are required for EOR 
displacements. This paper introduces the RALG upscaling procedure which is shown to be both accurate and computational 
efficient. 
  
Methodology used: 
 
Local-Global upscaling approaches perform a global coarse scale simulation to determine the correct boundary conditions for 
the local fine-scale calculation of upscaled permeability or transmissibility. The ALG method uses global boundary conditions 
directly along with well conditions to construct the upscaled model. The inclusion of wells into the initial conditions for the 
global coarse scale simulation, introduces near-well upscaling into the methodology. 
 
Recently, directly upscaling transmissibility was found to provide more accurate coarse grid simulations for highly 
heterogeneous channelized systems. Accordingly transmissibility and extended local transmissibility is upscaled in the RALG 
and ALG methods respectively with defined initial boundary conditions e.g. no flow or constant pressure. Then the global 
problem is simulated on the coarse scale, with the flow driven either by boundary conditions and/or wells. This global solution 
is then used to define the pressure boundary conditions for the extended local calculation of transmissibility. Both RALG and 
ALG methods use extended local upscaling, however RALG uses fewer fine cells in the border region. These boundary 
conditions are defined by linearly interpolating the global coarse-scale pressures onto the boundary of the extended local 
problem. Next a global simulation is performed using this modified coarse model; for 3D models, the iteration strategy 
involves a thresholding parameter 𝜀 which defines the interfaces for which the coarse transmissibility is to be recomputed. 
These interfaces are where the absolute flow rates are greater than a certain quartile (𝜀) of the distribution of the magnitude of 
coarse-scale fluxes for similarly oriented surfaces. Finally, this procedure continues until the coarse scale transmissibility does 
not vary with iterations. During iterations, transmissibilities are only recomputed in regions of high flow to help increase the 
computational efficiency of the method and to minimize the occurrence of spurious transmissibility values.  
 
The RALG method is then validated against the ALG method and extended local transmissibility upscaling coupled with near-
well upscaling. The procedures are compared using a synthetic variogram based geostatistical model and on a sector of the 
SPE 10 model consisting of 50 channelized layers.  
 
Conclusions reached: 
 
1. The ALG method is highly accurate however it is also computationally demanding. The RALG method remains 
highly accurate but is more computationally efficient than the ALG method and extended local transmissibility upscaling. 
 
2. Typically, one or two iterations are required before coarse scale transmissibility converges. 
 
3. Boundary conditions given by interpolated pressure are more accurate than boundary conditions given by flux. 
  
Comments: 
 
 In the view of the author, the RALG method which is developed in this paper strikes the best balance of 
computational efficiency and accuracy, in the context of upscaling absolute permeability.  
 
 The method can be further optimized through the use of an improved interpolation and/or thresholding procedures.  
 
 There is no ECLIPSE compatible software which enables the implementation of this method. 
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Paper 22 
 
SPE-93372 (2005): Upscaling and Discretization errors in Reservoir Simulation 
 
Authors: R.Sablok and K.Aziz 
 
Objectives:  
 
The paper attempted to understand and explored the nature of errors that occur in the simulation model due to the upscaling 
procedure. In particular, the interaction of the errors due to loss of heterogeneity and discretization errors is studied.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The paper introduced a new method to evaluate errors due to upscaling. Crucially, the methodology facilitates the individual 
evaluation of error due to loss of heterogeneity and discretization error. For successful upscaling of EOR projects, both error 
due to loss of heterogeneity and discretization error must to be minimized.  
  
Methodology used: 
 
The paper deals with the single-phase upscaling of a geological model. Errors are introduced due to purely local single phase 
upscaling being used to upscale a complex multiphase reservoir. 
 
Three simulation cases must be constructed and simulated to apply the proposed methodology, specifically these are: 
 
Fine case: Fine permeability values populated in the fine grid. 
Upscaled case: Upscaled permeability values populated in the coarse grid  
Refined case: Upscaled permeability values populated in the fine grid. 
 
The error due to loss of heterogeneity is calculated by finding the difference between the fine case saturation/pressure 
distribution and the refined case saturation/pressure distribution. Whilst the error due to coarsening of the grid i.e. 
discretization error is calculated by finding the difference between the upscaled case saturation/pressure distribution and the 
refined case saturation/pressure distribution. 
 
Once the error value corresponding to each grid block is known, the 𝐿2 norm is used as a measure of average error for that 
case: 
𝐿2 = (
1
𝑁𝑐
∑(
𝑋𝑐 − 𝑋𝑓
𝑋𝑓
)
2𝑁
𝑐
1
)
1
2
 
Where,  
𝑋𝑐 = Pressure/saturation in the coarse block           𝑋𝑓 = Pressure/saturation in the fine block 
𝑁𝑐 = Number of coarse gridblocks   
 
Conclusions reached: 
 
1. Total upscaling errors are a combination of errors due to loss of heterogeneity and discretization errors. At high levels 
of upscaling, total upscaling errors may be low due to opposite nature of these two types of errors.  
 
2. For a statistically isotropic medium, at low levels of upscaling discretization error dominates whilst at high levels of 
upscaling the loss of heterogeneity is more significant.  
 
3. The nature of flow in the reservoir determines the extent to which purely local single phase upscaling can be safely 
applied to a multiphase flow problem.  
  
Comments: 
 
 This methodology has been presented in the case of single-phase upscaling; however the methodology possesses 
potential to be extended to two-phase and three-phase cases, which are prominent in EOR projects. 
 
 The method can be implemented using Petrel and Eclipse.  
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Paper 23 
 
SPE-95759 (2005): Optimal Coarsening of 3D Reservoir Models for Flow Simulation 
  
Authors: M.J. King, K.S. Burn, P.Wang, V.V Muralidharan, F.E. Alvaado, X. Ma and A. Datta-Gupta 
 
Objectives:  
 
The paper presented a recursive sequential algorithm for layer coarsening and verified the method by applying the algorithm to 
several different displacement processes.  
 
Contribution to the theory related to Upscaling EOR Processes: 
  
Upgridding is an essential part of any upscaling process, particularly for EOR projects as successful upgridding can help 
capture small scale heterogeneities which are vital in upscaling EOR projects. The method developed in this paper is the most 
accurate variation-based upgridding method to date.  
 
Methodology used: 
 
The “King” coarsening parameter is defined as 𝐶′𝑖,𝑗,𝑘 = 𝑓
′𝑘/𝜙, where 𝑓 ′ is the Buckley-Leverett frontal speed, 𝑘 is 
permeability and  𝜙 is porosity. In this method, total variation is used as a measure of heterogeneity i.e. 
𝐻 = ∑ 𝑛𝑖,𝑗,𝑘
𝑁𝑋,𝑁𝑌,𝑁𝑍
𝑖,𝑗,𝑘=1 (𝐶′𝑖,𝑗,𝑘 − 𝐶′𝑖,𝑗̅̅ ̅̅ ̅)
2
 where 𝑉𝑖,𝑗,𝑘 is the bulk volume of cell (𝑖, 𝑗, 𝑘) and 𝐶′𝑖,𝑗̅̅ ̅̅ ̅ = ∑ 𝑉𝑖,𝑗,𝑘
𝑁𝑍
𝑘=1 . 𝐶′𝑖,𝑗,𝑘/∑ 𝑉𝑖,𝑗,𝑘
𝑁𝑍
𝑘=1 . 
 
𝑊 and 𝐵 are defined as the amounts of heterogeneity removed and preserved respectively due to coarsening (𝐻 = 𝑊 + 𝐵). At 
some intermediate degree of coarsening 𝐶′𝑖,𝑗,𝑘
 𝑐 = ∑ 𝑉𝑖,𝑗,𝑘
𝑘′
𝑘=1 . 𝐶′𝑖,𝑗,𝑘/∑ 𝑉𝑖,𝑗,𝑘
𝑘′
𝑘=1 . The sum is over the range {𝑘′} of grouped 
layers for the fine cell. Accordingly, 𝑊 = ∑ 𝑉𝑁𝑋,𝑁𝑌,𝑁𝑍𝑖,𝑗,𝑘=1 (𝐶′𝑖,𝑗,𝑘 − 𝐶′𝑖,𝑗,𝑘
 𝑐 )
2
 and 𝐵 = ∑ 𝑉𝑖,𝑗,𝑘
𝑁𝑋,𝑁𝑌,𝑁𝑍
𝑖,𝑗,𝑘=1 (𝐶′𝑖,𝑗,𝑘
𝑐 − 𝐶′𝑖,𝑗,𝑘)
2
. 
 
The recursive coarsening algorithm is initialized using the fine grid model along with: 
1.  𝑉𝑖,𝑗,𝑘                                                           2.  𝐶′𝑖,𝑗,𝑘
𝑐 = 𝐶′𝑖,𝑗,𝑘 = (𝑓
′𝑘/𝜃)𝑖,𝑗,𝑘 
3.  𝑊𝑖,𝑗,𝑘 = 0, 𝜕𝑊𝑖,𝑗,𝑘 =
𝑉𝑖,𝑗,𝑘.𝑉𝑖,𝑗,𝑘+1
𝑉𝑖,𝑗,𝑘+𝑉𝑖,𝑗,𝑘+1
(𝐶′𝑖,𝑗,𝑘
𝑐 − 𝐶′𝑖,𝑗,𝑘+1
𝑐 )
2
 4.  𝑘 = 1,… ,𝑁𝑍 − 1 
 
Next, ?̃? = min {𝛿𝑊𝑘}k=1
NZ−1, where 𝛿𝑊𝑘 = ∑ 𝛿𝑊𝑖,𝑗,𝑘
𝑁𝑋,𝑁𝑌
𝑖.𝑗=1  is selected for coarsening. The recursion relation is applied again 
and the process is iterated until a single-layer homogeneous model is obtained. In order to obtain the optimum layer 
coarsening, 
𝐵
𝐻
 vs. No. of layers is plotted. The optimal solution can be found at the point of maximum curvature of this graph. 
In addition, an additional constraint to not merge pay and nonpay zones is also tested. 
 
The method is then validated using real field cases including upscaling a 3D waterflood and a tight gas reservoir 
 
Conclusions reached: 
 
1. The layer coarsening method is far more accurate than uniform coarsening and the Li and Beckner technique in the 
tested field cases. In addition the constraint related to merging pay and non-pay zones, further increases the accuracy of the 
layer coarsening method.  
 
2. The method is more computationally efficient than the Li and Beckner technique. Specifically, the Li and Beckner 
technique scales runtime with (𝑁𝑋.𝑁𝑌.𝑁𝑍)2, whilst the method applied in this paper scales runtime with (𝑁𝑍)2 
 
Comments: 
 
 
 The plots used to find the optimal number of layers, used in this paper, are a powerful tool and can be used for all 
layer coarsening methods.  
 
 The method has not been tested on three phase flow; a comparison study with other upgridding methods in the 
context of three phase flow would be extremely useful. 
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Paper 24 
 
SPE-107153 (2007): Upscaling the Girassol Field: Comparative Tests and the impact of 
Near-Well Upscaling 
 
Authors: D.Y. Ding, Varmus, F.Roggero and P.H. Berthet 
 
Objectives:  
 
The objective of the paper is to discuss appropriate upscaling techniques for the complex turbidite, highly faulted and highly 
heterogeneous Girassol field. The field comprises of both injectors and producers hence upscaling relative permeability must 
be considered.  
 
Contribution to the theory related to Upscaling EOR Processes: 
 
There is little direct contribution to the area under discussion as this paper is a review and application of existing techniques 
for two-phase flow. However, methodologies used here can be adapted for use in Upscaling EOR processes.  
  
Methodology used: 
 
In this paper, several upscaling techniques are considered and the most appropriate is chosen for the upscaling of the Girassol 
field. A representative zone was selected to test different analytic and numerical upscaling methods. Both local and extended 
local methods of upscaling absolute permeability were investigated. Furthermore, the near-well upscaling procedure was also 
investigated along with a comparison of the effects of upscaling permeability and transmissibility.  
 
For this case, pseudorelative permeabilities were avoided and instead core relative permeabilities were used to increase 
computational efficiency. Furthermore coarse cells containing only non-reservoir facies were set as inactive, this shouldn’t 
significantly change the results however it will increase computational efficiency.  
 
Conclusions reached: 
 
1. Application of near-well upscaling can significantly reduce errors near the well. Using this technique of near-well 
upscaling is a  key point to ensure good agreement between the fine grid and coarse grid simulations.  
 
2. Extended local absolute permeability upscaling helps to capture large scale permeability connections or 
disconnections and produces significantly better results compared to purely local absolute permeability upscaling. 
 
3. It has been postulated that upscaling transmissibility may better account for actual connection or disconnection 
between coarse blocks relative to upscaling absolute permeability. The results of this paper do not support this postulate, no 
significant improvements have been observed in this test for upscaling transmissibility. 
 
4. The assumption of neglecting the use of pseudorelative permeabilities was found to be acceptable as long as the 
coarsening level was not too high for water-injection. 
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Paper 25 
 
SPE-143379 (2011): Modelling Residual Oil saturation In Miscible and Immiscible Gas 
Floods By use of Alpha-Factors 
 
Authors: M.J. Boureois, S. Thibeau and J.Guo 
 
Objectives:  
 
This paper addressed the main difficulties associated with the use of Alpha-Factors and attempted to re-describe the theory and 
apply it using a new iterative process based on a PVT package.   
 
Contribution to the theory related to Upscaling EOR Processes: 
 
For miscible gas flooding, it has been documented that forcing the residual oil saturation, Sorm, using alpha factors is helpful 
in making compositional simulations more realistic. This paper extends the concept to near-miscible and immiscible gas floods 
and evaluates their effect on such cases.  
 
Methodology used: 
 
Let 𝜒 be the injectant molar fraction and 𝐹 the flowing mole fraction, then the mole fraction of component 𝑖 is given by: 
𝑧𝑖 = 𝜒𝑦𝑖
𝑖𝑛𝑗 + (1 − 𝜒)𝑥𝑖
𝑖𝑛𝑖𝑡 𝑧𝑖 = 𝐹𝑧𝑖
𝑓𝑙𝑜 + (1 − 𝐹)𝑥𝑖
𝑟𝑒𝑠 
Where,  
𝑦𝑖
𝑖𝑛𝑗
 mole fraction of component i in 
injected gas 
𝑥𝑖
𝑖𝑛𝑖𝑡 mole fraction of component i in 
initial oil 
𝑧𝑖
𝑓𝑙𝑜
 mole fraction of component i in 
flowing hydrocarbon 
Subsequently, the authors derive 
𝛼𝑖 =
1 − (1 − 𝐹)
𝑥𝑖
𝑟𝑒𝑠
𝑧𝑖
𝐹
 
The simulator requires an input table, {𝛼𝑖}𝑖=1
𝑛𝑐  where 𝑛𝑐 is the number of pseudo-components in the equation of state, for 𝑛𝑚 
different mixtures. Unfortunately the 𝛼𝑖 equation cannot be solved directly since 𝑥𝑖
𝑟𝑒𝑠 and 𝐹 both depend on  the composition 
of flowing part and immobile part which depend on 𝛼𝑖. For 𝜒 ≪ 1, 𝜌𝑚
𝑓𝑙𝑜 ≈ 𝜌𝑚
𝑟𝑒𝑠 and 𝐹 ≈
1−𝑆𝑜𝑟𝑚−𝑆𝑤𝑐
1−𝑆𝑤𝑐
, 𝑥𝑖
𝑟𝑒𝑠 ≈ 𝑥𝑖
𝑖𝑛𝑖𝑡  hence we 
solve 𝛼𝑖 =
1−(1−𝐹)
𝑥𝑖
𝑖𝑛𝑖𝑡
𝑧𝑖
𝐹
, with one unknown scalar 𝐹. For larger values of 𝑣 it is more difficult, however the end-point to the 
alpha-factor table can be computed analytically. The end-point is defined as the highest injected gas content with Sorm and the 
immiscible HCPV 𝛽 defined i.e. flowing components are entirely in the gas phase. The authors show at the end point, 𝐹𝑚𝑎𝑥 =
1−𝛽
1−𝛽(1−
𝜌𝑠𝑎𝑡
𝜌𝑖𝑛𝑗
)
, 𝑧𝑗
𝑚𝑎𝑥 = 𝐹𝑚𝑎𝑥𝑦𝑗
𝑖𝑛𝑗 + (1 − 𝐹𝑚𝑎𝑥)𝑥𝑗
𝑠𝑎𝑡 and 𝑣𝑚𝑎𝑥 =
𝑧1
𝑚𝑎𝑥−𝑥1
𝑖𝑛𝑖𝑡
𝑦1
𝑖𝑛𝑖𝑡−𝑥1
𝑖𝑛𝑖𝑡 . To calculate the remaining values, trial and error on 
{𝛼𝑖} is used, by verifying the saturation pressure of the mixture and a monotonous shape with 𝜒 ranging from 𝜒 = 0 to 
reservoir pressure where 𝜒 = 𝜒𝑚𝑎𝑥. Compositional data can be used to further constrain the alpha-factor table.  
 
Conclusions reached: 
 
1. Applicability of alpha factors can be further extended to near-miscible gas floods, and even immiscible gas floods, if 
the injected gas has a strong stripping effect such as CO2. 
 
2. For three phase flow, alpha factors distort the behaviour of the oil phase; hence the oil PRPC with alpha factors may 
have to be history matched with SCAL data.  
 
3. For immiscible cases with lean gas, the use of alpha factors is not necessary in the view of the authors.  
 
4. Alpha factors are grid size dependent, weak pressure dependence and strong dependence on injected gas composition. 
 
Comments: 
 
 Given that alpha factors are grid size dependent, they are likely to be incompatible with non-uniform coarsening. 
 
 In general, the theory seems highly process dependent and difficult to implement. 
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Paper 26 
 
SPE-143568 (2011): EOR: Challenges of Translation Fine Scale Displacement into Full 
Field Models 
 
Authors: Jaime Moreno, Steve Flew and Omer Gurpinar 
 
Objectives:  
 
This paper addressed the main challenges in modelling the fine scale EOR displacement mechanism within a full field model. 
Typical errors in recovery efficiency where highlighted and scales were suggested at which screening models can be built. In 
addition, the impact of model size and force balance during an immiscible gas displacement and WAG flood were assessed. 
 
Contribution to the theory related to Upscaling EOR Processes: 
 
The paper discourages the use of models designed for primary and secondary production evaluation to evaluate EOR projects. 
The paper claims that the use of pseudorelative permeability curves (PRPCs), which are not commonly used in practice due to 
challenges in construction, are integral for immiscible gas injection. Furthermore the paper also highlights the requirement of 
having displacement velocity and grid size dependent PRPCs. 
 
Methodology used: 
 
To better understand the influence of reservoir heterogeneity and displacement type, several fine scale models were 
constructed and studied under gravity and viscous dominated flow regimes. Subsequently the effect of different immiscible 
gas injection rates and the effect of upscaling were also investigated along with the introduction of a dip angle to the reservoir. 
An investigation into the use of PRPCs was also performed, including an investigation into their grid size dependency and rate 
dependency. Finally a similar analysis was performed for WAG floods.  
 
Conclusions reached: 
 
1. Relative permeabilities need to be upscaled as a function of grid size and capillary number if the small scale 
heterogeneities are to be preserved.  
 
2. The balance among capillary, gravity and viscous forces changes as cells get coarser. Furthermore, in a grid cell it is 
assumed that 100% of the oil within the cell is contacted and displaced by the gaseous EOR agent, hence displacement 
efficiencies increase with grid size.  
 
3. The benefits of mobility control, as a result of WAG injection, are evident in the incremental recovery in the results. 
However, displacement efficiency remains dependent on grid size. 
 
4. A modification/upgrade of the relative permeability concept is required, moving away from the two dimensional 
limitation of relative permeability and moving towards an implicit formulation of fluid velocities which would be in line with 
the force balance at the pore throat level.  
 
5. Mis-application of coarse scale models to screen EOR processes can dramatically over predict recovery: with current 
model limitations e.g. relative permeability, even at fine numerical gridding resolution, a proper upscale of the saturation 
functions is required.  
 
Comments: 
 
 An investigation into the use of alternative methods to PRPCs would have been useful. Furthermore the inclusion and 
investigation into the use of different upgridding techniques applied to WAG and immiscible gas injection projects would have 
been very useful. 
 
 It is slightly disappointing that several issues are highlighted, however only a tentative solution in the form of PRPCs 
is proposed. Furthermore, there is no discussion with regards to the limitations of PRPCs e.g. process dependency and how to 
group PRPCs.  
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Paper 27 
 
SPE-151043 (2012): Upgridding under Multiphase Flow Conditions 
   
Authors: M. Kelkar an M. Sharifi 
 
Objectives:  
 
The paper developed and validated a new upgridding method designed for multiphase flow, specifically for two-phase flow.  
 
Contribution to the theory related to Upscaling EOR Processes: 
  
Upgridding is an essential part of any upscaling process, particularly for EOR projects as successful upgridding is crucial in 
capturing small scale heterogeneities which is vital in upscaling EOR projects. The method developed in this paper is the first 
method designed for application in multiphase conditions, hence is directly related to EOR processes.  
 
Methodology used: 
 
The layer coarsening method is derived for application in secondary or tertiary recovery processes. The method presented in 
the paper is analytical and based on the idea that fractional flow of a fine scale model has to be preserved on the coarse scale. 
 
Assuming a reservoir with 𝑁𝐶 non-communicating layers, an injector and producer producing at a constant pressure and a 
piston like displacement process, the authors apply Reznik et al (1984) method, for estimating the front location in different 
layers, to derive the incremental fractional flow of the most permeable layer 𝑖 as: 
 
∆𝑓𝑤𝑖 =
(
𝑘𝑘′𝑟𝑤
𝜇𝑤
)
𝑖
(
 
 
∑ (
𝑘𝑘′𝑟𝑤
𝜇𝑤
)
𝑗
∆𝑃
𝐿 𝐴𝑗
[
 
 
 
 
1
𝑥𝑗
𝐿 + (𝑀𝑗 (1 − (
𝑥𝑗
𝐿 )𝑖
))
]
 
 
 
 
𝑁𝐶
𝑗=1
)
 
 
− (
𝑘𝑘′𝑟𝑤
𝜇𝑤
)
𝑖
∆𝑃
𝐿 𝐴𝑖
[
 
 
 
 
1
𝑥𝑗
𝐿 + (𝑀𝑗 (1 − (
𝑥𝑗
𝐿 )𝑖
))
]
 
 
 
 
+ (
𝑘𝑘′𝑟𝑤
𝜇𝑤
)
𝑖
 
Where 𝑘′𝑟𝑤 is the relative permeability of water at residual saturation and 
(
𝑥𝑗
𝐿
)
̃
=
[
 
 
 −𝑀1 + √𝑀1
2 +
𝑂2
𝑂1
(1 − 𝑀1
2)
1 − 𝑀1
]
 
 
 
 
Where 𝑀𝑖  is the mobility ratio and 𝑂𝑖  is representative of breakthrough time 
𝑂𝑖 =
(𝜑∆𝑠)𝑖
(
𝑘 ′𝑟𝑤
𝜇𝑤
)
(1 + 𝑀𝑖) 
Similar expressions can be calculated for ∆𝑓𝑤𝑖 for all 𝑖 ∈ [1, 𝑁𝐶]. Finally the authors assume: 
∆𝑓𝑤12 = ∆𝑓𝑤1 + ∆𝑓𝑤2 
The following error function is defined, layers which minimize this error function are combined, this process occurs iteratively 
Error12 = |∆𝑓𝑤1(𝑡𝑏𝑡12 − 𝑡𝑏𝑡1)| + |∆𝑓𝑤2(𝑡𝑏𝑡2 − 𝑡𝑏𝑡13)| where 𝑡𝑏𝑡𝑖 =
𝐿2𝜑𝑖∆𝑆𝑖
∆𝑃
𝐾𝑖𝑘
′
𝑖𝑟𝑤
𝜇𝑤
(1+𝑀𝑖)
2
 
Conclusions reached: 
 
1. The method demonstrates that the mobility ratio is extremely important in determining the upgridding process. For 
favourable mobility ratio, it is better to isolate low permeability ratios, whilst for unfavourable mobility ratios it is better to 
isolate high permeability layers.  
 
2. Through comparisons with both synthetic and field cases, the authors demonstrate the application of the method is 
superior to flux based and proportional upgridding.  
 
Comments: 
 
 The upgridding method needs to be compared to other existing methods e.g. King’s et al. (see SPE-95759). 
 
 The upgridding method is easily implemented in petrel through the use of a Plugin called CONNECT. 
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1 
• Apply the given scale-up methodology to construct 
coarse-grid. 
2 
• Map the coarse-grid properties onto the fine-grid to 
obtain the refined-grid. 
3 
• Simulate the given development strategy on the fine, 
coarse and refined-grid.  
4 
• To evaluate discretization error per fine gridblock : 
𝛿(𝑖,𝑗,𝑘) =
𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑆𝑜
𝑐
(𝑖,𝑗,𝑘) − 𝑆𝑜
𝑟
(𝑖,𝑗,𝑘)
∑ ∑ ∑ 𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
 
5 
• To evaluate homogenization error per fine gridblock : 
𝜀(𝑖,𝑗,𝑘) =
𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑆𝑜
𝑐
(𝑖,𝑗,𝑘) − 𝑆𝑜
𝑟
(𝑖,𝑗,𝑘)
∑ ∑ ∑ 𝑉𝑝
𝑟
(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
 
6 
• To obtain a representative value for discretization error: 
𝛿𝑇 = ∑ ∑∑𝛿(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
 
7 
• To obtain a representative value for discretization error: 
𝜀𝑇 = ∑ ∑∑𝜀(𝑖,𝑗,𝑘)
𝑁𝑋
𝑖=1
𝑁𝑌
𝑗=1
𝑁𝑍
𝑘=1
 
Appendix B: Error Evaluation Methodology Workflow 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. B-1: Workflow to evaluate discretization and homogenization error 
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Appendix C: Further Tests 
Force balance investigation. The objective of this test is to further substantiate claims made in the main report concerning 
how the balance between viscous, capillary and gravity forces affects upscaling error. The test further explores the influence of 
the balance of these forces, along with capillary forces. Table C-1lists the capillary and gravity numbers which correspond to 
the injection and production rates used in the experiment. Fig. C-1 is consistent with previous conclusions over the fact that 
viscous and gravity dominated flow respectively result in a sharp and gradual decrease in both homogenization and 
discretization error after breakthrough of both injected phases.  
 
Table C-1: Gas and water capillary and gravity numbers used to investigate the effect of different forces on upscaling errors. 
 Injection and Production Rates  (rb/D) 
 5000
 3500 1000
 100 
𝑁𝑔  2.1 3.0 10 100 
𝑁𝑤  0.39 0.56 1.9 19 
𝐶𝑔  0.026 0.037 0.13 13 
𝐶𝑤  0.076 0.11 0.38 3.8 
Dominant Force Viscous Viscous/Gravity Gravity/Viscous Gravity/Capillary 
 
 
 
  
Fig. C-1: Homogenization and discretization error evaluation for force balance investigation 
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Kro Sensitivity Test. To investigate the sensitivity of scale-up errors to end-points, two rock types are defined in the next test. 
To facilitate a fair comparison, all features of the rock type are defined to perfectly match the existing rock type, except one 
relative permeability curve e.g. kro, krw and krg is modified. An attempt to perform a fair comparison in this investigation is 
made where modified relative permeability endpoints are calculated through multiplying or dividing the current end-point 
values by a given value. In this investigation the value chosen was 1.25.  
 
 
Table C-2: RMSE and water breakthrough time (WBRT) 
errors for endpoint sensitivity test. 
The RMSE error values given in Table C-2 suggest that 
the Krw and Kro sensitivity cases result in the larger 
errors than the base case whilst the Krg sensitivity results 
in lower error than the base case.  However, the WBRT 
suggest that base case and the Kro sensitivity result in 
the largest errors, closely followed by the gas sensitivity 
and with the Krw sensitivity resulting in the least error in 
WBRT. These results do not coincide.  
 Dynamic and Mismatch parameters 
 
WBRT 
error (%) 
RMSEw 
(STB/d) 
RMSEo 
(STB/d) 
RMSEp 
(psia) 
Base case 7.4 420 120 6.0 
Krw sensitivity 2.5 420 130 6.7 
Kro sensitivity 7.1 430 130 6.2 
Krg sensitivity 6.8 360 100 4.4 
 
The corresponding δ and ε curves, given in Fig. C-2, suggest that Krw sensitivity test results in the largest errors closely 
followed by the Kro sensitivity test. There is little difference obtained between the Krg sensitivity test and the base case. The 
results of the δ and ε curve comparison suggest that the largest errors occur in the Krw sensitivity test followed by the Kro 
sensitivity test. There is little difference observed between the Krg sensitivity test and the base case.  
 
 
 
 
 
 
In summary, the results presented in this section suggest that scale-up errors in WAG injection are typically higher than in 
corresponding two-phase systems. In particular, discretization error is shown to be highly sensitive to vertical coarsening for 
WAG injection. Furthermore, the presence of adverse mobility ratios has also been shown to result in large homogenization 
errors. Finally, an end-point sensitivity study indicated that homogenization error is sensitive to water and oil relative 
permeability end points.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. C-2: Discretization and homogenization errors for relative permeability endpoint sensitivity test 
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Appendix: Nomenclature 
 
𝛿(𝑖,𝑗,𝑘) = Discretization error in gridblock (𝑖, 𝑗, 𝑘) 
𝜀(𝑖,𝑗,𝑘) = Homogenization error in gridblock (𝑖, 𝑗, 𝑘) 
𝛿T(𝑘𝑟𝑜) = Total averaged Discretization error 
𝜀(𝑖,𝑗,𝑘) = Total averaged Homogenization error 
𝑘𝑟 = Relative Permeability  
Φ = Flow potential  
𝑃 = Pressure 
𝑃𝑐 = Capillary Pressure 
𝛼 = Dipping angle 
𝜌𝑠 = Specific weight 
𝑆 = Saturation 
𝜙 = Porosity 
𝑇 = Transmissibility 
𝑛𝑙 = Number of layers 
𝑛𝑐 = Number of completions 
𝑉 = Total Bulk Volume 
𝐶𝑓 = Flow Coefficient, analogous to well PI 
PI = Productivity Index 
ℎ = Thickness 
𝜌 = Density 
𝑔 = Gravitational acceleration = 9.81𝑚𝑠−2 
𝐻 = Heterogeneity Measure 
𝑊 = Amount of heterogeneity preserved 
𝐵 = Amount of heterogeneity lost 
𝑦𝑖  = Mole fraction of component 𝑖 in the gas phase 
𝐹 = Flowing mole fraction 
𝛼𝑖 = Alpha factor for component 𝑖 
𝑆𝑜𝑟𝑚 = Residual oil saturation after gas and waterflooding 
𝛽 = Immiscible Hydrocarbon bearing Pore Volume 
∆?̅?  = Average Vertical Elevation 
𝜇  = Viscosity 
𝑞 = Flow Rate 
𝑓 = Fractional Flow 
𝜆 = Total mobility 
𝑀 = Mobility Ratio 
𝑡𝑏𝑡 = Breakthrough time 
𝑁 = Number of Gridblocks   
𝑁𝑋 = Number of Gridblocks in the X-Direction 
𝑁𝑌 = Number of Gridblocks in the Y-Direction 
𝑁𝑍 = Number of Gridblocks in the Z-Direction 
𝐷𝑋 = Size of the Gridblocks in the X-Direction 
𝐷𝑌 = Size of the Gridblocks in the Y-Direction 
𝐷𝑍 = Size of the Gridblocks in the Z-Direction 
𝑓 ′ = Buckley Leverett Frontal Speed 
𝐿 = Length 
𝐶𝑎 = Capillary Number 
𝐺𝑛 = Gravity Number 
𝑎?̃?
 
= Pseudorelative permeability interpolator function 
𝑃𝑉 = Pore Volume 
𝑓′ = Buckley-Leverett Frontal Speed 
𝐶′𝑖,𝑗,𝑘
 = King’s Coarsening Factor 
𝑉𝑖,𝑗,𝑘
 
= Bulk volume for gridblock (𝑖, 𝑗, 𝑘) 
𝜒  = Injected molar fraction 
𝑥𝑖 = Mole fraction of component 𝑖 in the liquid phase 
𝑧𝑖 = Mole fraction of component 𝑖  
𝜌𝑚 = Molar density 
𝑆𝑤𝑐  = Connate water saturation 
𝑆𝑤𝑐𝑟   = Critical Water Saturation 
𝐻𝐶𝑃𝑉 = Hydrocarbon bearing Pore Volume 
 
Subscripts:  
 
𝑜 = Oil Phase 
𝑤 = Water Phase 
𝑔 = Gaseous Phase 
𝑛𝑤 = Non-wetting Phase 
𝑤𝑒 = Wetting Phase 
𝑝 = General subscript for phase 𝑝 
𝑐 = Coarse-scale 
𝑒  = Formation 
𝑤 = Wellbore  
𝑜𝑤 = Oil-Water 
𝑔𝑜 = Gas-Oil 
𝑥 = x-direction 
𝑦 = y-direction 
𝑧 = z-direction 
𝑝𝑎𝑟 = Parallel to the principle flow direction 
𝑝𝑒𝑟𝑝 = Perpendicular to the principle flow direction 
 
 
Superscripts: 
 
𝑐 = Coarse grid 
𝑓 = Fine grid 
𝑟 = Refined grid 
𝑐𝑎𝑝 = Capillary Force 
𝑣𝑖𝑠 = Viscous Force 
𝑒 = End-Point 
𝑖𝑛𝑗 = Injected Fluid 
𝑖𝑛𝑖𝑡 = Initial reservoir Oil 
𝑟𝑒𝑠 = Residual Oil 
𝑚𝑎𝑥 = Maximum value 
 
 
 
